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Abstract. Mountain pine beetle (MPB) outbreaks in North 1 Introduction

America are widespread and have potentially persistent im-

pacts on forest albedo and associated radiative forcing. This

study utilized multiple data sets, both current and histori- Current outbreaks of bark beetles (Coleoptera: Curculion-
cal, within lodgepole pine stands in the south-central Rockyidae, Scolytinae) in western North America are some of
Mountains to quantify the full radiative forcing impact of the largest and most severe in recorded history (Bentz et
outbreak events for decades after outbreak (0-60yr) an@l-, 2009). Since 1997, more than 41.7 million acres have
the role of outbreak severity in determining that impact. been affected by bark beetles in the western United States
Change in annual albedo and radiative forcing peaked at 14@nd more than 6.6 million acres in Colorado alone (USFS,
20 yr post-outbreak (0.06 0.006 and-0.8=+ 0.1 W nT2, re- 2011). Outbreaks result in tree mortality, temporarily reduc-
spectively) and recovered to pre-outbreak levels by 30—40yfng live tree density and changing stand reflectivity of short-
post-outbreak. Change in albedo was significant in all fourwave radiation. Tree mortality has multiple stages, with the
seasons, but strongest in winter with the increased visneedles of a host lodgepole pine tree typically turning red
ibility of snow (radiative cooling of—1.640.2Wn12, within twelve months of being attacked (red attack stage) and
—3.04£0.4Wn12, and—1.64 0.2 W nr2 for 2-13, 14-20 falling off within three years (gray attack stage) (Mitchell and
and 20-30yr post-outbreak, respectively). Change in win-Preisler, 1998). In general, snags begin to fall five years after
ter albedo and radiative forcing also increased with outbreatétand death, with snag fall peaking after ten to fifteen years,
severity (percent tree mortality). Persistence of albedo efalthough this may vary regionally (Mitchell and Preisler,
fects are seen as a function of the growth rate and speciek998; Huggard and Lewis, 2007). In recent Colorado out-
composition of surviving trees, and the establishment andPreaks (1996 to present), mountain pine beetles (MBBn¢
growth of both understory herbaceous vegetation and treélfoctonus ponderosadave reduced the live basal area of
species, all of which may vary with outbreak severity. The lodgepole pineRinus contortg-dominated forests by 70 %,
establishment and persistence of deciduous trees was fourR? average (Klutsch et al., 2009). The current extent and
to increase the temporal persistence of albedo effects. MPBPIgh severity (percent tree mortality) of these recent MPB
induced changes to radiative forcing may have feedbacks foputbreaks has been attributed to warmer summer and winter

regional temperature and the hydrological cycle, which couldt€mperatures and drought conditions associated with regional

perature and precipitation trends have increased over-winter
survival of beetle populations, increased the rate of repro-
duction and maturation, and created drought-induced stress
in tree hosts (Berg et al., 2006; Raffa et al., 2008).

Terrestrial albedo directly influences the total shortwave
energy input into the biosphere and is an important deter-
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4154305 N, 1083422 W 414305 N, 103°11°19° W post-disturbance, relative to the establishment of evergreen
species (Randerson et al., 2006). On an annual basis, an el-
evated albedo increases shortwave reflectance and reduces
Wyoming net radiation, which may result in a local annual cooling ef-

t fect (Betts, 2000; Claussen et al., 2001; Bala et al., 2007).
In addition to more direct climate effects (e.g., radiative

®  Dendroccological Plot forcing), changes in albedo also have potential local con-
A ieldTree Pl sequences for the hydrological cycle. Earlier snowmelt, due
i e b o to increased canopy shortwave transmission, as well as in-
MPB Damaged LP Forest creased snow accumulation, from changes in stand structure,

have been documented post-outbreak (Bewley et al., 2010;
Boon, 2012; Pugh and Small, 2012). Changes to snow ac-
cumulation and snowmelt dynamics, in turn, can result in
temporary increases in soil moisture (Clow et al., 2011) and
stream flow (Bethlahmy, 1975; Potts 1984).

Despite wide recognition of the large extent and severity
of recent MPB outbreaks, an assessment of the decadal per-
sistence of albedo and radiative forcing effects, as well as
an exploration of the impact of outbreak severity on those
effects, are both still lacking. Existing studies have docu-
mented a decrease in winter albedo in the early attack stages
due to needle and litter accumulation on snow (Winkler et
al., 2010; Pugh and Small, 2012) and an increase in winter
albedo after needle fall, presumably due to the increased vis-

» ibility of snow (O’Halloran et al., 2012; Vanderhoof et al.,
- % 2013). The persistence of winter albedo changes in exist-
A o ko s ing studies has been limited to 15 yr post-outbreak when
A albedo change remains large. Furthermore, the variability in
New Mexico outbreak severity has largely been ignored. This study com-

36°32°05” N, 108°34°22" W 36°32°05" N, 103°11°19” W

bines field data on tree attributes, historic US Forest Ser-
Fig. 1.Plot locations for field tree plots, dendroecological plots and vice (USFS) aerial surveys of insect damage and dendroe-
USFS ADS sites. cological data to address the following research questions:
How does albedo change with attack severity and season?
What is the longevity of these albedo impacts and how do
minant of the earth’s surface energy balance with attendanthese impacts translate into radiative forcing? And can we
impacts on the biosphere and climate (Zhang et al., 1995)use vegetation data to explore how outbreak severity may
Reductions in canopy cover due to disturbance events causfect the temporal persistence of a change to albedo? Al-
changes in forest structure and composition that can havéhough the epidemic has slowed in many areas of Colorado
profound impacts on surface albedo. These impacts can ouand Wyoming, due potentially to the depletion of available
weigh the carbon dioxide and volatile organic carbon (e.g.,host trees, the temporal lag in needle loss, snag fall and for-
terpene) emission consequences of a mortality event, resulest regrowth implies a prolonged impact on forest structure,
ing in an albedo-driven change in radiative forcing (Betts, albedo, and potentially climate.
2000; Randerson et al., 2006; Spracklen et al., 2008). In the
growing season a site may experience a decline in albedo
post-disturbance with the increased visibility of bare soil 2 Methods
(Bourque et al., 1995). With the establishment of vegeta-
tion ground cover, albedo values are typically either ele-2.1  Study area
vated or similar to pre-disturbance levels (McCaughey, 1987;
Bourque et al., 1995; Gholz and Clark, 2002). Within boreal The study area was restricted to healthy and MPB-damaged
and high-elevation regions, forest loss or tree mortality canlodgepole-pine-dominated forests within the Colorado and
result in a significant increase in yearly albedo due to thesouthern Wyoming Rocky Mountains (Fig. 1). Lodgepole
increased visibility of snow (Betts et al., 2000; Bala et al., pine is found throughout the western United States and north-
2007). For evergreen coniferous forests that may be domiwestern Canada on the lower slopes and valleys above the
nated by deciduous species in early successional stages, afoothills at elevations between 2100 and 2900 m. It occurs in
nual changes in albedo can persist for many more decadgsure stands, either dense or open, and in mixed stands with
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other species. Lodgepole pine trees are relatively shade in- In addition to the MODIS albedo data, select images of
tolerant and many have serotinous cones, adaptations that addbedo derived from Landsat-7 ETMwere also utilized
low for establishment after a severe forest fire (Kaufmann ef(p34, r32). Snow-free Landsat albedo images (DOY 170,
al., 2008). Lodgepole pine seedlings tend to grow faster thar218 and 266 2012) were derived using the methodology de-
spruce or fir seedlings and can dominate stands in early sucscribed in Shuai et al. (2011), which integrates land-cover-
cessional stages, assuming favorable site conditions. If aspdmased high-quality BRDFs over the homogenous region,
is present, its sprouting ability can lead to a co-dominanceextracted from MCD43A operational products, with Land-
of aspen and lodgepole or to aspen dominating early succesat surface reflectance to calculate spectral and broadband
sional stages, prior to giving way to slower-growing lodge- white- and black-sky albedo. Snow-cover Landsat shortwave
pole pine. Without fire, older lodgepole pine stands can ex-broadband albedo images (DOY 012, 026 2012) were de-
perience in-growth of other species, including Engelmannrived in terms of concurrent MCD43A snow BRDFs and
spruce Picea engelmannjiiand subalpine firAbies lasio- the albedo-to-reflectance ratios for each determined snow-
carpa), if those species are present and if site conditionscover pixel by MOD10 snow mapping algorithm (Hall et al.,
are favorable (Kaufmann et al., 2008). Non-serotinous cone2002). It should be noted that the snow-cover Landsat albedo
also allow for the regeneration of lodgepole pine post-MPBmethodology is still in development and that this was an
outbreak (Axelson et al., 2010; Teste et al., 2011). experimental application of the method. Results derived us-
Based on climatological records from Estes Park, COing snow-cover Landsat albedo images are provided only for
(2365 m elevation), mean annual precipitation is 540 mm,comparison to findings from the usage of the MODIS albedo
while the average low and high temperature-&°C in Jan-  data set.
uary and 25C in July, respectively. Topography and thus mi-  Data on locations of MPB outbreaks were derived from
croclimate varies substantially within the study area. Loca-three sources: (1) field data on tree attributes collected in
tions of past fires (1984—2011) were derived from Monitor- plots (63 sites), (2) historic USFS Aerial Detection Surveys
ing Trends in Burn Severity (MTBS) data and were masked(USFS ADS) (46 sites), and (3) field-based dendroecologi-
out (Eidenshink et al., 2007). cal plots (11 sites) (Table 1, Fig. 1). Field-collected tree plot
data were collected in lodgepole-pine-dominated stands from
18 June to 20 July 2012, within 90Fmlots (56 700 rA to-
tal). Plots were targeted to be representative of (1) the sur-
rounding 500 mx 500 m area, (2) a severity spectrum (from
Albedo was primarily derived from the Moderate Reso- none to severe) of mountain pine beetle outbreak, and (3) a
lution Imaging Spectroradiometer (MODIS) Collection 5 spectrum of time since attack (green attack, red attack and
BRDF/Albedo 16-day 500 m product (MCD43A3), which gray attack stages). Although plots were not restricted to
couples a semi-empirical, RossThick-LiSparse kernel-driverpure lodgepole pine stands, the plots were on average 93 %
bidirectional reflectance distribution function (BRDF) model lodgepole pine. Within each plot, each tree was identified to
with multi-date, cloud-free, atmospherically corrected sur-the species level, its diameter measured (didh5 cm), and
face reflectance to determine the anisotropy of global landecorded as non-attacked (no evidence of beetle presence),
surfaces at a 500 m spatial resolution (Schaaf et al., 2002)green attack stage (exit holes and pitch tubes present but nee-
Steep topography, such as that in the south-central Rockyles still green), red attack stage (exit holes and pitch tubes
Mountains, has the potential to bias albedo values. To minpresent and needles red) or gray attack stage (exit holes and
imize this source of bias, white-sky albedo broadband wasitch tubes present and needles absent), or unknown dead
used as it is independent of view and solar angles and thuneedles absent, but no evidence of beetle damage). Sapling
more comparable across both mountainous regions and tenand seedling (dbk 7.5 cm) abundances and species com-
porally (Gao et al., 2005). The MODIS albedo data utilized position were sampled in two 25subplots within each
were limited to 2012 and winter 2013, in order to minimize plot. Mean canopy height was measured using a clinome-
differences between the satellite spectral information ander, canopy cover was measured using a densitometer, litter
field observations (collected in the summer of 2012). To cap-depth was measured using a ruler in soil pits, and understory
ture seasonal albedo variation, we examined shortwave (0.3eover (vegetation, litter, bare rock) was visually estimated.
5.0 um) broadband white-sky albedo (WSA) for all 52 datesPlots were categorized by attack stage (healthy, red, gray),
available between 1 January 2012 and 26 February 2013wvhere attacked plots were categorized as red if the majority
Within each image, we rejected all observations with cloudof attacked trees were in the red attack stage, or gray if the
cover, bad quality or fill values based on data quality flags.majority of the attacked trees were in the gray attack stage.
NIR white-sky broadband albedo was also tested, but sim-The plots were also categorized by severity, using percent
ilarity in findings to SW white-sky broadband albedo led to dead trees, where low (14-40% mortality), medium (41—
its exclusion. The accuracy of the MODIS Collection 5 short- 57 % mortality) and high={ 58 % mortality) categories each
wave albedo is reported as 0.05 but is generally.03 (Ro-  contained an equivalent number of plots. Percent dead trees
man et al., 2009; Wang et al., 2010). ranged from< 1 to 88 % with a mean percent mortality of

2.2 Data
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Table 1. The number and source of MPB outbreak locations utilized by time interval or time since MPB outbreak.

Time interval Number of sites/source  Number of sites/source  Total #

Healthy 14/2012 tree plots 14
1-3yr 10/2012 tree plots 10
4-13yr 33/2012 tree plots 33
14-20yr 6/2012 tree plots 14/USFS ADS sites 20
21-30yr 10/2009 dendro plots 9/USFS ADS sites 19
31-40yr 1/2008 dendro plot 18/USFS ADS sites 19
50-60yr 5/USFS ADS sites 5
Total 120

41 %. A potential bias in the albedo signal due to differencesand dead host trees. Dead host trees were only cored if MPB
in scale between the field data and MODIS data may occurlarval galleries were present under the remaining bark. These
To correct for this potential bias, the MODIS pixel extent cores were used to derive dates of stand origin, tree mor-
for each field plot was reviewed using 2011 National Agri- tality and releases (abrupt two-fold increases in ring width
culture Imagery Program (NAIP) imagery to check for con- sustained for more than 10yr). Additional methodological
sistency of forest cover and damage patterns. Plots withirdetails are provided in Kulakowski et al. (2012). Data were
MODIS pixels that were< 75 % coniferous forest cover were collected in summer of 2008 (Kulakowski et al., 2012) and
removed from the analysis. Because no such scale issue osummer of 2009 (Jarvis et al., 2014). Similar to our tree plot
curred with the Landsat pixels, all field plots were included data, the MODIS pixel extent for each dendroecological plot
in the analysis. was reviewed using 2011 NAIP imagery to check for consis-
The primary source for historicx(16 yr since outbreak) tency of forest cover. Plots within MODIS pixels that were
MPB outbreak locations was geo-referenced USFS Region Z 75 % forest were removed from the analysis. Plot locations
ADS maps (1956-1987). These maps were periodically crewere also checked for agreement with recent (2009-2011)
ated by expert surveyors to record “new damage” polygonsoutbreaks recorded in the USFS ADS data.
during flown surveys. Although an absence of a polygon does
not necessarily indicate true absence due to the incomplet2.3 Analysis
spatial nature of these surveys, a drawn polygon provides
high confidence of the presence of an outbreak. To reducélbedo was expressed as the change in albedo from the
potential error regarding the location of these outbreaks, hiswithin-scene “healthy” lodgepole pine forest. Healthy stands
toric outbreak plot locations were located at the center ofwere derived from fourteen non-attacked 2012 tree plot loca-
“damage” polygons larger than a MODIS pixel. Addition- tions. Change in albedo was averaged by time interval (1-3,
ally, polygons of historic outbreaks were eliminated from 4-13, 1420, 21-30, 31-40, and 50-60 yr since disturbance)
consideration if they (1) overlapped with damage polygonsand season (wintet December—February; spriagMarch—
identified in later USFS Region ADS maps (1994-2011), May; summek= June—August; fak= September—November)
(2) did not occur within lodgepole-dominated forests as de-to derive seasonal curves for change in albedo with time since
fined by multiple USFS forest layers, or (3) showed inconsis-outbreak start. The width of the time intervals was based
tent (< 75 %) forest cover using aerial imagery (2011 USDA on our confidence in deriving an accurate year of outbreak.
NAIP imagery). In addition, a disproportionate number of The time intervals of 41-50 anel 60 yr since MPB outbreak
downed trees, relative to a typical mature forest, were ob-were not included due to small sample sizes. To assess the
served using aerial imagery within most historic damage lo-role of attack severity, gray-attack-dominated tree plots were
cations, corroborating past outbreaks. categorized by percent tree mortality, where thresholds be-
Additional historic MPB outbreaks were located using tween categories were determined using quantiles. Pearson
dendroecological methods that have been previously testefair-wise correlations and pairedests were conducted us-
(Heath and Alfaro, 1990; Alfaro et al., 2010) and applied ing SPSS Statistics (IBM Corporation, Armonk, NY).
(Axelson et al., 2009; Kulakowski and Jarvis, 2011; Ku-
lakowski et al., 2012) to lodgepole pine stands to recon-2.4 Radiative forcing
struct stand disturbance history in this and other regions.
Eleven lodgepole pine-dominated sites were randomly seWe defined the net radiative forcing as the mean annual
lected for dendroecological reconstruction of MPB outbreakschange in reflected shortwave radiation at the top of the at-
(Kulakowski et al., 2012; Jarvis et al., 2014). In each standmosphere (TOA) resulting from changes in surface albedo
increment cores were collected from living host and non-hos{Hansen et al., 1997). The TOA radiative forcing was cal-
culated using the “radiative kernel” technique, in which a ra-
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Fig. 2. (A) The MODIS versus Landsat change in winter and summer albedo with years since outbre@) Stag.seasonal trend in change
in albedo with years since outbreak start as derived from MODIS albedo. The time interval line indicates the number of years each point is
averaged over. Error bars indicate plus and minus standard error.

diative kernel was derived from a radiative transfer algorithm3 Results
and climate parameters to quantify the top-of-atmosphere ra-
diative flux response to changes in a feedback variable (e.gAfter MPB outbreak, an annual increase in MODIS albedo
albedo) (Soden et al., 2007). In this case the kernel was usepleaked at 14-20yr with snag fall (0.860.006) before
to translate changes in monthly average surface albedo, retransitioning to a minor, non-significant change in albedo
ative to “healthy forest” values, into changes to TOA radia- (—0.01+ 0.003 and 0.00% 0.003), relative to non-attacked
tive fluxes. The kernel, originally provided at 2 fsolution,  stands, by 30-40yr and 50-60yr, respectively (Fig. 2).
was resampled to°Tresolution to better match the spatial ex- MODIS albedo of attacked stands was significantly higher
tent of the study area. The kernel (K) was produced usinghan in non-attacked stands in all seasons from 4 to 30yr
the offline radiative transfer model from the National Cen- post-outbreak jf < 0.01), with evidence of a slight decline
ter for Atmospheric Research (NCAR) Community Atmo- in the first three years post-attack in fall, winter, and sum-
spheric Model version 3 (Collins et al., 2006) as describedmer seasonsp(< 0.01). No significant difference between
in Shell et al. (2008), and reported as the radiative forcingnon-attacked stands and attacked stands was seen 30—40
response to a 0.01 change in albedo, where or 50-60yr since attack, presumably due to the recov-
AFroa= A o %K™ (1) ery of veget_ation_ cover. The same was seen W_ith _L_andsat
’ data, for which winter and summer albedo was significantly
where « is the land surface shortwave albedo. A 5% un- higher 4-30yr since disturbance relative to non-attacked
certainty (per product) was assumed for the MODIS albedaostands f <0.01). The increase in albedo post-outbreak
and the radiative kernels. We implemented a conservative apeaked during winter months, with the increased visibility
sumption of non-random error propagation for which uncer-of snow. Change to winter MODIS albedo was 0406.002,
tainty was combined as the product of those for albedo and.10+ 0.004, and 0.05 0.003, for 4-13, 14-20 and 20—
radiative kernels. This method of uncertainty propagation is30yr post-outbreak, respectively (Fig. 2) € 0.01). Win-
analogous to an IPCC Tier 1 uncertainty (IPCC, 2000). ter findings for Landsat albedo were not significantly differ-
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Fig. 4. Change in spring, summer and fall albedo with MPB out-
Fig. 3. Change in winter albedo with MPB outbreak severity, de- preak severity, defined as percent tree mortality, for outbreaks 4 to
fined as percent tree mortality, for outbreaks 4-13yr in age (gray13yr in age (gray attack stage). Linear regression lines shown for
attack stage). each season.

ent from those for MODIS for all time intervals except 30— and outbreak severity may exhibit a threshold rather than
40yr, when Landsat showed a reduction in albedo, relativdinear relationship. A shiftin the relationship between albedo
to non-attacked stands, not seen in MOD}S<0.01). This  and percent tree mortality was observed-at0-50 % tree
localized reduction in albedo, relative to non-attacked standsmortality in Fig. 3. This threshold could be related to
could be due to high tree densities, a characteristic often obshadows of remaining live trees masking the change in
served in early successional stands before natural thinninglbedo for low-severity outbreaks.
occurs with tree and stand maturation. For gray-attack-dominated tree plots (4-13yr since out-
Using only gray-attack-dominated tree plot data (4-13 yrbreak) the post-outbreak change in MODIS albedo was most
since disturbance), change in albedo by season was examstrongly explained by the percent tree mortality (winter,
ined as a function of percent tree mortality. A strong rela- R = 0.87; fall, R = 0.83, p < 0.01) or number of dead trees
tionship was observed during winter months, with the in- (spring, R = 0.86; summer,R = 0.63, p <0.01) in a plot.
crease in albedo rising with increased tree mortality for bothSimilarly, change in Landsat albedo was most strongly ex-
MODIS (y =0.0021x —0.026, R2=0.63, p <0.01) and  plained by the percent tree mortality (wint& = 0.65, p =
Landsat ¢ = 0.0026x —0.068, R2=0.37, p <0.05) data  0.02; summer,R = 0.55, p <0.01). The persistence of this
sources (Fig. 3). The relationship between MODIS or Land-change in albedo, or the rate of forest regrowth, in turn,
sat albedo and percent tree mortality was weaker for springs typically a function of two mechanisms (which can co-
(y =0.0005x —0.006, R = 0.63), summer (MODIS:y = occur): (1) the growth and reorganization of existing veg-
0.0002x —0.002,R? = 0.26, Landsaty = 0.0002x —0.01, etation (e.g., advance regeneration), and/or (2) the recruit-
R?=0.19) and fall = 0.0003x —0.004, R? = 0.59) sea- ment of new vegetation (McCarthy, 2001). Given that the
sons, but still statistically significanp(< 0.01) (Fig. 4). mortality event is targeted at lodgepole pine, the reorgani-
These changes in albedo translated into sizeableation of existing vegetation can dramatically shift the forest
TOA radiative forcing. Radiative forcing peaked dur- species composition if other species are present. The remain-
ing winter months, with an observed radiative cool- ing trees will temporarily dominate the canopy, and their size
ing of —1.6+02Wnr?2, —3.0£04Wnt2 and and growth rates will influence the rate of albedo recovery.
—1.6+0.2Wn7?2 for 2-13, 14-20 and 20-30yr post- Within the 2012 tree plots, a shift in live tree species compo-
outbreak, respectively (Fig. 5). Annual radiative cooling sition was observed between the non-attacked and attacked
peaked at 14-20yr post-outbreak a0.8+0.1Wni?2. plots. Within healthy stands, lodgepole pine comprised an
Using only gray-attack-dominated tree plot data (4—13yraverage of 93% of trees, while within damaged plots this
post-outbreak), seasonal and annual radiative forcing wer@ercent was reduced to 76 %. The remaining trees (20 %)
quantified by attack severity. As would be expected, seasonakithin damaged plots were dominated by other coniferous
and annual radiative forcing increased with increasing attackspecies, principally Douglas fiP§eudotsuga menzigsiind
severity. Winter radiative forcing was 0420.03Wn1?2, ponderosa pineRinus ponderosg
—-1.8+02Wnt2 and —-2.3+0.3WnT?2 for low-, In addition to the species composition of existing
medium- and high-severity outbreaks, respectively (Fig. 5).vegetation, the species composition of newly recruited
A large increase in radiative cooling occurred betweenseedlings/saplings is also important to consider, as a stand’s
low (10-30% tree mortality) and medium (30-57 % tree coniferous versus deciduous trajectory can shorten or pro-
mortality) outbreak severity, with a minor change betweenlong changes to winter albedo, respectively (Randerson et al.,
medium and high (57—-88 % tree mortality) outbreak severity,2006). Within the 2012 tree plots, attacked plots exhibited
suggesting that the relationship between radiative forcinga similar (non-significantly different) seedling/sapling stem
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plus and minus standard error.

80 plots). As aspen tends to be a shade-intolerant tree species
70 °,° (Messier et al., 1999), this finding is not unexpected. The re-
60 maining seedlings/saplings were comprised of other conifer-
50 * y=0.66x-7.32 ous species, dominated by subalpine fir and Douglas fir. The

R2=051
40 4

presence of lodgepole pine seedlings, even in the absence of

a fire event, is consistent with the findings of others, although

o the success and rate of growth of these seedlings may depend

on light availability and soil moisture (Stuart et al., 1989; As-

. . ! ; : : ; . trup et al., 2008; Teste et al., 2011).

©oR B R eane We also explored whether the rate of new vegetation re-
cruitment was dependent on outbreak severity, which influ-

Fig. 6. Understory vegetation cover as a function of post-outbreakences light availability. The number of seedlings and saplings

percent tree mortality, within gray-attack-dominated (4-13yr sinceshowed no relationship with outbreak severity or with change

outbreak start) field tree plots. in albedo. Outbreak severity, however, was found to be

strongly positively related to the percent understory non-tree

) ) , vegetation cover y(=0.66x —7.32, R=0.72, p <0.01)

density (0.44£0.08 gtems m°) relative to healthy plots (gjg g). Although understory non-tree vegetation can be ex-

(0.60+0.17 stems m). Healthy and damaged plots exhib- hacteq to be masked by snow during winter months, this phe-

ited S|m_|lfar proportions of lodgepole pine seedling/sapling ,omenon may be affecting the summer albedo change sig-

composition (32-33%), but damaged plots showed &5 | we control for outbreak severity, we find that the in-

higher percent of quaking aspefPopulus tremuloidgs  rease in summer albedo was positively correlated with per-

seedlings/saplings (20 %) relative to healthy stands (7 %). Ibent understory vegetation for high-severity outbreak sites
addition, high-severity outbreaks more often had quaking asty, — 0.0002x —0.0004, R = 0.68, p < 0.01) where under-

pen seedling/saplings present (50 % of plots) relative t0 NoNg4y yegetation is most abundant. As herbaceous vegetation

attacked, low- and medium-severity outbreaks (12-17 % of
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Understory Vegetation Cover (%)
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typically has a higher albedo than bare, dry soil (McCaugheymany pixels) (Vanderhoof et al., 2013). Although the USFS
1987; Bourque et al., 1995; Gholz and Clark, 2002), theADS data set is currently the most comprehensive spatial
understory non-tree vegetation may be contributing to thesource of MPB outbreak dynamics in the United States, the
change in summer albedo, at least for high-severity out-data set tends to over estimate the area attacked (B. How-
breaks. Additionally, the annual increase in MODIS albedoell, personal communication, 2013), leading to a dilution of
decreased strongly with an increasing number of live trees rethe quantified change in albedo due to the inclusion of both
maining after outbreak, for medium-severity outbreaks< attacked and non-attacked pixels, emphasizing the more re-
—0.85, p <0.01). This finding suggests that, at least for gional impacts rather than the local responses specifically
medium-severity outbreaks, in addition to the percent treewithin areas of outbreak. Both this study and O’Halloran et
mortality, the absolute number of live remaining trees is alsoal. (2012), in contrast, used a plot-based approach, in which
important in determining the magnitude and persistence othange in albedo was derived from one or more specific (or
the albedo response. point-based) locations.
Given that the magnitude of albedo change varies with out-
break severity (Fig. 3), it is logical to explore whether the
4 Discussion rate of albedo recovery also varies with outbreak severity.
Unfortunately accurate severity data (% tree mortality) was
One of the advances this study made was to utilize historicalacking for the USFS ADS historical data as well as the den-
data to document how albedo changes with time since a MPRIroecological plots; thus we were unable to directly quan-
outbreak. Both Vanderhoof et al. (2013) and O’Halloran tify this variation. We can, however, explore the role of re-
et al. (2012) expected an increase in albedo past 14-15 ygrowth mechanisms in increasing canopy cover, reducing the
post-outbreak (the limit of data utilized in both studies). change in albedo relative to non-attacked stands. Persistence
This expectation was observed in this study, with changeof albedo change or, alternatively, the forest recovery from
in albedo peaking 14-20yr post-outbreak, presumably agpidemic MPB outbreaks in lodgepole pine tends to occur
shags fell and sapling/seedling re-establishment was still lowprimarily through the reorganization of existing vegetation
and/or small. The timing of snag fall appears to be consisten{e.g., advance regeneration), with existing understory trees
with existing literature, which shows tree fall peaking after and vegetation being released, in response to increased light,
10-15yr (Mitchell and Preisler, 1998; Huggard and Lewis, moisture and nutrients, to form the new canopy (Cole and
2007). Despite differences in the number of images used andmman, 1980; Greene et al., 1999). The presence of under-
the scale of the data, MODIS- and Landsat-derived albedastory trees and vegetation can limit the recruitment of new
produced very similar patterns of albedo with time since dis-tree seedlings through competitive exclusion, sometimes lim-
turbance (Fig. 2), adding confidence to the overall characteriting seedling establishment for many decades (Wickman et
ization of albedo changes following outbreak. Larger erroral., 1986; Wohlgemuth et al., 2002). This may explain the
intervals observed for the Landsat-derived change in albeddow seedling/sapling stem density observed at sites 1-20 yr
was a consequence of smaller sample sizes due to fewer inpost-outbreak. In stands with limited understory trees and
ages being used. vegetation, recovery via the establishment of new seedlings
Our findings regarding change in winter albedo were quitecan still be highly variable due to varying site characteristics
similar to those documented by O’Halloran et al. (2012), such as elevation, aspect, and soil type (Mitchell, 2005).
who documented an increase in winter albedo of 6:@503 The primary regrowth mechanism to recover pre-
at 4yr post-outbreak and a local maximum increase ofdisturbance albedo may also vary by outbreak severity. In
0.08+0.03 at 11 yr post-outbreak. In comparison, we docu-low-severity outbreaks, we may expect that gaps in tree
mented an increase in winter MODIS and Landsat albedo otanopy will be primarily filled through the growth release
0.06+ 0.002 and 0.06: 0.02, respectively, for 4-13yr post- and canopy expansion of remaining live canopy and sub-
outbreak, and an increase of 04@.004 and 0.1z 0.02, canopy trees (Fig. 7). In high-severity outbreaks, it is likely
respectively, for winter MODIS and Landsat at 14-20yr that gaps will persist even after the growth release and
post-outbreak. Although a different approach was used, weeanopy expansion of remaining live trees, due to (1) the lim-
can also compare our findings to those observed by Vanited capacity for the existing canopy to expand, and (2) the
derhoof et al. (2013), where an increase in winter albedo ofhumber of remaining live trees. In the case of moderate- and
0.03+ 0.01 was observed for 4—13 yr post-outbreak. In sum-high-severity outbreaks, a full recovery of albedo will also re-
mer, although both changes were very small, we found arquire the recruitment and growth of new seedlings/saplings.
average increase in albedo of 0.G88.001 for 4-13yr post-  If we assume that an increase in canopy cover due to the
outbreak, relative to an increase of 0.G0R.002 observed reorganization of existing vegetation will occur faster than
by Vanderhoof et al. (2013). The consistently smaller changedue to the recruitment and growth of new vegetation (Gries-
in albedo observed by Vanderhoof et al. (2013) can be atbauer and Green, 2006), then the persistence of the change
tributed to that study’s use of USFS ADS polygons for ain albedo will depend on outbreak severity, which will in-
landscape-scale analysis (change in albedo averaged across
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Fig. 7. Remaining canopy and subcanopy trees can be expected to expand in response to increased light availability post-MPB attack;
however we can anticipate that the capacity of this expansion will be limited.

fluence the fractional contribution of each forest regrowth stand (coniferous versus deciduous). If the post-outbreak for-
mechanism to albedo recovery (Fig. 8). est becomes dominated by deciduous trees, we might expect
Secondarily, we may consider whether the growth ratea prolonged persistence of winter change in albedo due to
of both existing and new vegetation depends on outbreakvinter leaf loss and therefore increased visibility of snow,
severity. Current literature shows that the growth release forelative to coniferous stands. In high light conditions and
existing vegetation is typically related to light availability, where aspen clones are present, aspen’s sprouting ability can
which will vary based on outbreak severity (Mitchell, 2005; lead to its dominance in early successional stages, before
Messier et al., 1999; McCarthy, 2001). However, even fol- slower-growing lodgepole pine trees outcompete patches of
lowing high-severity outbreaks, standing snags will provideaspen (Kaufmann et al., 2008). Using aerial imagery, we
shade for approximately 15 yr post-outbreak (Griesbauer andfound that most historic outbreak sites showed strong es-
Green, 2006). In general, shade-tolerant species, such dablishment of coniferous saplings which eventually created
Douglas fir, interior spruceR(cea glauca and subalpine fir, a closed-canopy environment; however, one historical den-
tend to better utilize the gradual increases in light levels rela-droecological plot (Kulakowski et al., 2012) showed a persis-
tive to shade-intolerant trees (e.g., lodgepole pine, ponderosgnt increase in winter albedo at 40-50 yr post-outbreak, sim-
pine, quaking aspen, or paper bircBefula papyriferd) ilar to the change observed at 20—30 yr post-outbreak at other
(Mitchell, 2005; Messier et al., 1999; McCarthy, 2001). In historic outbreak sites, due to the establishment and/or shift
addition, shade-tolerant trees can adjust their crown physiolin species composition towards deciduous tree species. This
ogy and structure in response to different light regimes, everobservation indicates that the temporal persistence found in
after long periods of suppression, which makes them highlythis study depends on the initial regeneration of evergreen
responsive to gradual increases in light following an outbreakconiferous species post-outbreak, and that the establishment
(Messier et al., 1999; McCarthy, 2001). In contrast, shade-of deciduous species post-outbreak can increase the temporal
intolerant species tend to have more fixed crown physiologypersistence of the albedo impact by at least several decades
and structure, and thus are less able to respond with a strongRanderson et al., 2006).
growth release (Messier et al., 1999; Williams et al., 1999). For new vegetation, we found a strong relationship be-
These species-specific differences in growth release implyween non-tree vegetation cover and percent tree mortal-
that Douglas fir and subalpine fir should play a substantiality for recent outbreaks< 14yr) (Fig. 6), indicating that
role in the recovery of the canopy if these species are preserits establishment is influenced by light availability. We did
at a given site. Shade-intolerant species, however, may stilhot find a relationship between seeding/sapling recruitment
do well on edaphically limiting sites (Williams et al., 1999) and outbreak severity, for which there may be several ex-
or sites with large canopy gaps (McCarthy, 2001). planations. Since seedling/sapling density data (unlike the
Following high-severity outbreaks where light is less lim- percent understory vegetation) were derived from subplots
iting, and in which we observed more frequent quaking asper(25 n#) within the larger tree plots (9004 the lack of cor-
recruitment, the persistence of an albedo effect post-outbreakelation with outbreak severity may occur because the re-
will also depend on the future species composition of thesponse or establishment of seedling/saplings is very local
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Fig. 8. The theoretical persistence of change to surface albedo due to outbreak severity and the resulting fractional contribution of each
regrowth mechanism. It is assumed that an increase in canopy cover due to the expansion of existing vegetation will occur faster than due tc
the recruitment of new vegetation, but that some limit exists in the ability for existing vegetation to recover pre-attack canopy cover.

(at a tree scale), leading to a potential disconnect betweedisturbance type common to the south-central Rocky Moun-
the seedling/sapling density and the percent tree mortalityains. The long-term albedo-driven radiative forcing of a se-
observed at the plot scale. In addition, the lack of correla-vere fire event in boreal Alaska-é= 2 W m~2 for yr 0-80)
tion may occur because not enough time since disturbanceeported by Randerson et al. (2006) was much higher than
has passed to reflect the expected pulse of seedlings/saplingfsat of the long-term (4-30 yr) albedo-driven radiative forc-
post-disturbance (Wickman et al., 1986; Wohlgemuth et al.,ing from a MPB outbreak (wintee —2.1+0.3W n12; an-
2002). No significant difference between seedling/saplingnual=0.5+0.08 W n2) as reported here. This is because
density was observed between non-attacked, 4-13 yr and 14ef a larger increase in winter albedo post-fire (change of
20yr since attack. A future research step could be to col-~0.4) than that observed post-MPB outbreak (change of
lect additional vegetation data within sites near the thresh~ 0.1 for 14-20yr post-outbreak). However direct compar-
old of albedo recovery (20-40yr post-outbreak) and corre-ison may not be warranted given the difference in species
late albedo change (or lack of albedo change, relative to noneomposition, snow-cover climatology, rates of regeneration,
attacked stands) with number of live mature trees, crown sizeand other factors. Furthermore, the potentially smaller radia-
of live trees, percent understory vegetation and number antive cooling from MPB outbreaks may be somewhat com-
size of saplings to directly determine the relative importancepensated by the larger spatial extent of MPB outbreaks rela-
of factors to the persistence of albedo change post-MPB outtive to fire within Colorado and southern Wyoming over the
break. same time frame. Fire extent (as derived from MTBS data)
The magnitude of MPB-induced albedo-driven radiative was 396 800 ha (all cover types) for 1994-2010 compared to
forcing observed in this study agrees well with that reported822 200 ha of MPB outbreak (1994—-2010) within lodgepole
by O’Halloran et al. (2012) (winter albedo radiative forcing pine forests.
of —1.9 £ 0.3Wn1 2 at year four and-2.4 + 0.4 W ni 2 at A full radiative forcing analysis for MPB outbreaks must
year eleven). The long-term radiative forcing of MPB attacksalso consider committed carbon emissions, based on total
can also be compared to the impact of forest fires, anothetree mortality. However it must be noted that while the albedo
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radiative forcing component will occur immediately, as will growth and species composition of subcanopy seedlings and
a reduction in net ecosystem carbon uptake due to a stansaplings. Prior to recovery, the albedo-induced radiative forc-
reduction in leaf area index and associated productivity, ang may create seasonally specific temperature and precipi-
substantial lag will occur before killed trees fully decom- tation feedbacks, which may contribute to the persistence or
pose (the committed CQOemissions). The turnover time for reduction of MPB outbreaks in the coming decades.
lodgepole pine coarse woody debris in the Colorado Rocky
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