
infesta(on	  effects	  on:	  
•  snowmelt	  
–  increased	  accumula(on	  
–  increased	  melt	  rates	  

•  tree	  water	  use	  
–  transpira(on	  reduced/
eliminated	  

Pugh and Gordon, submitted to Hydrological Processes 

Bark	  beetle	  impacts	  on	  snowmelt	  
processes	  &	  tree	  water	  use	  

Jeff	  Deems	  	  Western	  Water	  Assessment	  



snow	  in	  undisturbed	  forests	  

•  less	  snow	  in	  
forest	  than	  in	  
clearings/edges	  
–  intercep(on	  
– sublima(on	  

•  melt	  rates	  faster	  
in	  clearings/edge	  
– more	  solar	  
–  faster	  wind	  speed	  
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Figure 4. Time series of snow depth in 2004–2005 (a), 2005–2006 (b) and 2006–2007 (c) observed using nine ultrasonic snow depth sensors at the
New Mexico site. Average snow depth observed at under-canopy (green), canopy-edge (blue) and open (red) areas are shown for the three years in

panels (d)–(f).

Table II. Depth and timing of snowpack accumulation and abla-
tion during the course of the study; under, open and edge refer

to sensor position with respect to tree canopy.

Valles Caldera, NM CU-Ameriflux, CO

2004 2005 2006 2005 2006

Snow onset 11/22a 1/25 11/28 11/12 10/18
Date max. snow 3/26 3/23 2/02 3/20 4/25
Snow dissap.
Under 5/14 4/10 4/19 5/16 5/27
Open 5/14 4/08 4/17 5/25 6/11
Edge 5/16 4/10 4/27 5/25 6/11
Max. snow (cm)
All 124Ð4 17Ð6 80Ð8 115Ð8 112Ð8
Under 73Ð8 18Ð6 61Ð1 98Ð8 89Ð6
Open 109Ð5 17Ð2 70Ð6 125Ð7 145Ð7
Edge 103Ð4 15Ð6 64Ð4 118Ð2 117Ð9
Max. snow, CV 0Ð45 0Ð18 0Ð5 0Ð14 0Ð21

a Date inferred from observation at Vacas Locas SNOTEL site.

were not recorded. Total snowfall during these events
was 20% and 5% greater in open and canopy-edge loca-
tions relative to under-canopy locations, respectively.
Total snow accumulation during 2004–2005, 2005–2006
and 2006–2007 was 38%, 5% and 19% greater in open
versus under-canopy locations, respectively; note that dif-
ferences were lowest during the low snow year. Snow-
fall recorded at canopy-edge locations was 25% and 4%
greater than under-canopy locations in 2004–2005 and
2006–2007, respectively. Conversely, in the low snow
year of 2005–2006, measured snowfall at canopy-edge
locations was actually 10% lower than under-canopy
locations for the three notable events. These differences
indicate significant spatial variability in snow accumula-
tion patterns associated with vegetation structure and that
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Figure 5. Time series of snow depth in 2005–2006 (a) and 2006–2007
(b) at the Colorado site. Snow depth averages for under-canopy (under),
canopy-edge (edge) and open (open) areas are also shown (c) and (d).

these patterns exhibit considerable inter-annual variabil-
ity. Furthermore, these observations suggest that snow
accumulation (and water availability) under the canopy
may be less sensitive to inter-annual variability and mid-
winter melt relative to open areas.

At the Colorado site, 7 notable snowfall events were
observed in 2005–2006 and 11 notable events were
observed in 2006–2007 (Figure 5a–d). It is important
to note that SNOTEL observations were used to identify
snowfall events during a 75-day data gap from 5 January
to 22 March 2007; this gap has been filled using a linear
regression between SNOTEL snow depth measurements
and observed snow depth at each ultrasonic snow depth
sensor (R2 values were 0Ð95 for open and canopy-edge
locations and 0Ð88 for under-canopy locations on aver-
age; p < 0Ð005). The timing and magnitude of snowfall

Copyright  2009 John Wiley & Sons, Ltd. Ecohydrol. 2, 129–142 (2009)
DOI: 10.1002/eco

Molotch et al., 2009, Ecohydrology 
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available for human or ecological needs) or negative (e.g. increased flood potential, decreased 
water quality) effects, so understanding the magnitude and direction of changes is critical to 
account for hydrological risks in management and planning for both the upland watersheds and 
the valley-bottom infrastructure and water availability. It is also important to note that watershed 
specific impacts may be difficult to accurately predict due to the variable effects of basin 
geology, topography, soils and vegetation on hydrological response. 
 

 
Figure 1: Hillslope hydrologic cycle and stand water balance. The loss of forest canopy influences the 

interception of precipitation and the subsequent loss through evaporation and transpiration. (adapted from 
Winkler et al. 2008a) 

 
A generalized graphical illustration of the relative changes in hydrologic processes and 
watershed response to loss of canopy (e.g. through MPB, salvage harvesting, fire etc.) was 
developed by Redding et al. (2007) (Figure 2). This figure illustrates how hydrologic variables 
change along a gradient of canopy cover. While this is a useful tool for understanding the 
interaction of different processes, it is not meant to provide absolute magnitudes of response or 
address unique site conditions. 
 





liMer	  can	  strongly	  affect	  albedo	  
↓	  albedo	  +	  ↑	  solar	  is	  a	  powerful	  melt	  forcing	  

Pugh and Small, 2011, Ecohydrology 



↓	  albedo	  &	  shading	  =	  
↑	  melt	  rates	  

S. BOON

Table V. Calculated and observed ablation conditions in each study plot for each year

Study plot Date of ablation
start (model)

Date of snow
removal (model)

Date of snow
removal (obs)

Ablation
duration

(days; model)

Calculated
ablation

rate (mm d!1)

Ratio of forest
to open ablation rate

2007 Clearcut 6 Apr 2 May 29 Apr 27 10Ð9
Dead 6 Apr 28 Apr 28 Apr 23 9Ð4 0Ð87
Alive 6 Apr 2 May 2 May 27 8Ð0 0Ð73

2008 Clearcut 26 Apr 2 May 3 May 8 13Ð7
Dead 26 Apr 4 May 6 May 10 9Ð7 0Ð71
Alive 26 Apr 4 May 6 May 10 8Ð5 0Ð62

Figure 4. Average daily melt energy (Qm) from 1-D model calculations in
each plot in (a) 2007 and (b) 2008. Given the highly negative mid-season
Qm in 2008, melt was zero as the snowpack was not isothermal at 273 K.

Thus the calculated melt began following this period

again for 7 days (Figure 4). Given that the model empir-
ically represents the internal energy changes required to
return the snowpack to 0 °C following a period of nega-
tive air temperatures, it was run from the point at which
sustained ablation began (26 April) until complete snow-
pack removal (6 May). Ablation duration was two days
longer in the forested than the clearcut plots, while cal-
culated ablation rates were greatest in the clearcut and
lowest in the alive plot, with the dead plot in between.
Ablation rates in the dead plot were 14% greater than in
the alive plot and 34% lower than in the clearcut.

Daily ablation was least variable in the forested
plots in both years, more so in 2008 given the stop-
start behaviour of the ablation season (Figure 5). Daily
ablation amounts fell in a similar range in both years,
from 0 to 30Ð9 mm. Total energy available for ablation
was lowest in the forested plots in both years; energy
differences between them were greatest in 2007 due to
differences in radiative fluxes (Table VI). Ablation was
driven largely by radiative fluxes in the forested plots,

Figure 5. Daily ablation in each plot in (a) 2007 and (b) 2008, from 1-D
model calculations

Table VI. Total flux of each energy balance component (in MJ
m!2 d!1) and net balance for each calculated ablation period (6

Apr–2 May 2007; 26 Apr–6 May 2008).

Study plot K L H LvE Net

2007 Clearcut 191Ð6 !107Ð4 55Ð9 !52Ð0 88Ð1
Dead 94Ð4 !17Ð7 0Ð2 !0Ð4 76Ð4
Alive 55Ð7 8Ð7 0Ð0 0Ð0 64Ð4

2008 Clearcut 144Ð9 !65Ð1 46Ð6 !38Ð4 88Ð0
Dead 55Ð3 !15Ð0 0Ð3 !0Ð2 40Ð3
Alive 33Ð4 0Ð3 0Ð0 0Ð0 33Ð8

Fluxes: K D net short wave; L D net long wave; H D net sensible;
LvE D net latent. Note that G is not included in the table.

and a combination of short-wave and turbulent fluxes in
the clearcut (Figure 6). The dead plot fell between the
alive and clearcut, as net short-wave radiation was lowest
in the alive plot and greatest in the clearcut, and net
long-wave radiation followed the opposite trend: greatest
in the alive plot but lowest in the clearcut (Table VI;
Figure 6). Radiative fluxes in the dead stand were greater

Copyright  2009 John Wiley & Sons, Ltd. Hydrol. Process. (2009)
DOI: 10.1002/hyp
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ically represents the internal energy changes required to
return the snowpack to 0 °C following a period of nega-
tive air temperatures, it was run from the point at which
sustained ablation began (26 April) until complete snow-
pack removal (6 May). Ablation duration was two days
longer in the forested than the clearcut plots, while cal-
culated ablation rates were greatest in the clearcut and
lowest in the alive plot, with the dead plot in between.
Ablation rates in the dead plot were 14% greater than in
the alive plot and 34% lower than in the clearcut.

Daily ablation was least variable in the forested
plots in both years, more so in 2008 given the stop-
start behaviour of the ablation season (Figure 5). Daily
ablation amounts fell in a similar range in both years,
from 0 to 30Ð9 mm. Total energy available for ablation
was lowest in the forested plots in both years; energy
differences between them were greatest in 2007 due to
differences in radiative fluxes (Table VI). Ablation was
driven largely by radiative fluxes in the forested plots,

Figure 5. Daily ablation in each plot in (a) 2007 and (b) 2008, from 1-D
model calculations

Table VI. Total flux of each energy balance component (in MJ
m!2 d!1) and net balance for each calculated ablation period (6

Apr–2 May 2007; 26 Apr–6 May 2008).

Study plot K L H LvE Net

2007 Clearcut 191Ð6 !107Ð4 55Ð9 !52Ð0 88Ð1
Dead 94Ð4 !17Ð7 0Ð2 !0Ð4 76Ð4
Alive 55Ð7 8Ð7 0Ð0 0Ð0 64Ð4

2008 Clearcut 144Ð9 !65Ð1 46Ð6 !38Ð4 88Ð0
Dead 55Ð3 !15Ð0 0Ð3 !0Ð2 40Ð3
Alive 33Ð4 0Ð3 0Ð0 0Ð0 33Ð8

Fluxes: K D net short wave; L D net long wave; H D net sensible;
LvE D net latent. Note that G is not included in the table.

and a combination of short-wave and turbulent fluxes in
the clearcut (Figure 6). The dead plot fell between the
alive and clearcut, as net short-wave radiation was lowest
in the alive plot and greatest in the clearcut, and net
long-wave radiation followed the opposite trend: greatest
in the alive plot but lowest in the clearcut (Table VI;
Figure 6). Radiative fluxes in the dead stand were greater
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snow	  energy	  budget	  changes	  
due	  to	  beetle	  infesta2on	  
red	  phase	  
↓	  snow	  albedo	  
↑	  solar	  transmission	  
↑	  net	  solar	  input	  
↓	  longwave	  

grey	  phase	  
	  ↔	  snow	  albedo	  
↑	  solar	  transmission	  
↑	  net	  solar	  input	  
↓	  longwave	  
↑	  	  wind	  speed	  

↑	  sensible	  gain	  &	  latent	  loss	  



Intercep(on	  losses	  are	  significant	  with	  green	  or	  red	  needles	  



↓	  intercep(on	  =	  ↑	  SWE	  

Pugh and Small, 2011, Ecohydrology 

SNOW ACCUMULATION AND ABLATION IN A BEETLE-KILLED PINE STAND

7JEM — VOLUME 8, NUMBER 3

2. an increase in depth and swe March 4–18 in the 
cleared stand concurrent with no depth change and 
only a minimal swe change in the dead and alive 
stands.

Between peak swe on March 18 and site surveys on 
March 31, snowpack depth and swe decreased in all 
stands. The greatest decrease was in the alive stand 
(Figure 3). While snow density increased in the cleared 
and dead stand, it remained relatively unchanged in the 
alive stand (Figure 3).

Box-and-whisker plots of swe and snow depth 
showed no overlap of median values between stands 
(Figure 4), indicating that peak swe and snow depth are 
likely to be statistically different between stands (Winkler 
et al. 2005). Correlation analysis of snow depth, density, 
and swe between stands showed that while snow depth 
in the dead stand is most correlated with the alive stand, 
density and swe in the dead stand are most closely 
correlated with the cleared stand (Table 3).

Snow Ablation

For the ablation calculations, canopy density (F) was 
taken from Table 1. Cloud cover proportion (C) was 
calculated from measurements in the cleared stand and 
ranged from 0 to 0.56, with an average of 0.11. Initial 
albedo values were set to 0.80 on March 18 (U.S. Army 
Corps of Engineers 1956), as all stands had a fresh 
snowfall with minimal surface debris and no vegetation 
showing through. Over the ablation period, albedo 
values decayed to 0.20, representing ground surface 
exposure (Male and Gray 1981).

The model successfully predicted that all stands were 
snow-free by April 15, corresponding with field obser-
vations. Comparison of calculated and measured swe on 
March 31 showed a slight underestimation in the dead 
stand (12%), but strong correspondence in the alive and 
cleared stands (1% underestimate and 1% overestimate, 
respectively) (Table 4). While the one-dimensional energy 

TABLE 3. Correlation matrices for snow depth, density, and SWE in each stand (n = 5). The small sample size means 
that these values are not significant at the p = 0.05 level, but do serve to indicate the relationship between stands.

 Depth Density SWE

Stand Cleared Dead Alive Cleared Dead Alive Cleared Dead Alive

Cleared 1   1   1  

Dead 0.92 1  0.85 1  0.63 1 

Alive 0.92 0.95 1 0.72 0.32 1 0.00 0.48 1

FIGURE 4. Box and whisker plots of snow depth (a) 
and snow water equivalent (b) in each stand on March 
18, 2006. Note that March 18 was the date of peak 
snowpack. Graphed values are based on snow pit 
density measurements and snow depth transects (n = 
44 in each stand). In each plot, the box indicates 25th 
and 75th percentile of the data set, the line represents 
the median value, and the two “whiskers” represent the 
extreme minimum and maximum values of the data set.

Boon, 2007 



Transpira(on	  drops	  ~50%	  within	  3	  weeks	  of	  MPB	  

Water	  status	  of	  girdled	  trees	  unchanged	  –	  con(nued	  growing	  for	  1	  
year	  a_er	  aMack	  

Blue-‐stain	  fungus:	  primary	  mortality	  agent	  

change	  in	  tree	  water	  use	  (pine)	  

(Hubbard	  et	  al.,	  in	  prep)	  



tree	  water	  use	  

•  ini(al	  aMack	  suppresses	  
water	  use	  

•  change	  in	  water	  budget	  is	  
stand-‐dependent	  
– stand	  age	  &	  composi(on	  
– understory	  age,	  condi(on	  &	  
composi(on	  

•  aggrega(on	  to	  watershed	  
scale…	  
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water	  budget	  changes	  
due	  to	  beetle	  infesta2on	  
red	  phase	  

↓	  tree	  water	  use	  
↓	  transpira(on	  

faster	  melt	  
	  grey	  phase	  
↓	  intercep(on	  
↓	  sublima(on	  
↑	  accumula(on	  
faster	  melt	  
↓	  transpira(on	  
↓	  tree	  water	  use	  
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available for human or ecological needs) or negative (e.g. increased flood potential, decreased 
water quality) effects, so understanding the magnitude and direction of changes is critical to 
account for hydrological risks in management and planning for both the upland watersheds and 
the valley-bottom infrastructure and water availability. It is also important to note that watershed 
specific impacts may be difficult to accurately predict due to the variable effects of basin 
geology, topography, soils and vegetation on hydrological response. 
 

 
Figure 1: Hillslope hydrologic cycle and stand water balance. The loss of forest canopy influences the 

interception of precipitation and the subsequent loss through evaporation and transpiration. (adapted from 
Winkler et al. 2008a) 

 
A generalized graphical illustration of the relative changes in hydrologic processes and 
watershed response to loss of canopy (e.g. through MPB, salvage harvesting, fire etc.) was 
developed by Redding et al. (2007) (Figure 2). This figure illustrates how hydrologic variables 
change along a gradient of canopy cover. While this is a useful tool for understanding the 
interaction of different processes, it is not meant to provide absolute magnitudes of response or 
address unique site conditions. 
 



net	  changes	  in	  water	  &	  energy	  
budgets	  

↑	  SWE,	  ↑	  melt	  rates	  with	  reduced	  canopy	  

Bewley et al., 2010 



influence	  on	  melt	  produc(on	  (&	  runoff)	  
red	  phase	  =	  faster	  melt?	  
↓	  snow	  albedo	  =	  ↑	  melt	  
↑	  solar	  transmission	  =	  ↑	  melt	  
↑	  net	  solar	  input	  =	  ↑	  melt	  
↓	  longwave	  =	  ↓	  melt	  

grey	  phase	  =	  faster	  melt?	  
	  ↔	  snow	  albedo	  =	  ↔	  melt	  
↑	  solar	  transmission	  =	  ↑	  melt	  
↑	  net	  solar	  input	  =	  ↑	  melt	  
↓	  longwave	  =	  ↓	  melt	  
↑	  	  wind	  speed	  =	  ↑	  melt	  

↑	  sensible	  gain	  &	  latent	  loss	  

balance	  of	  impacts	  is	  
stand,	  basin,	  &	  	  
snow	  year	  dependent	  



snowmelt	  
variability	  

photo	  MaM	  Kennedy,	  Extreme	  Ice	  Survey	  



variability	  of	  bark	  beetle	  impacts	  



an(cipa(ng	  impacts…	  

•  stand-‐scale	  impacts	  easy	  to	  conceptualize	  
– ↓	  intercep(on,	  ↑	  SWE	  
– ↓	  albedo	  &	  shading,	  ↑	  melt	  rate	  



an(cipa(ng	  impacts…	  

•  stand-‐scale	  impacts	  easy	  to	  conceptualize	  
– ↓	  intercep(on,	  ↑	  SWE	  
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•  catchment-‐scale	  impacts	  depend	  on:	  
– basin	  characteris(cs	  
– variability	  in	  snowmelt	  processes	  
– variability	  in	  beetle	  impacts	  



an(cipa(ng	  impacts…	  

•  stand-‐scale	  impacts	  easy	  to	  conceptualize	  
– ↓	  intercep(on,	  ↑	  SWE	  
– ↓	  albedo	  &	  shading,	  ↑	  melt	  rate	  

•  catchment-‐scale	  impacts	  depend	  on:	  
– basin	  characteris(cs	  
– variability	  in	  snowmelt	  processes	  
– variability	  in	  beetle	  impacts	  

•  harves(ng	  likely	  to	  have	  much	  greater	  impacts	  
on	  snow	  accumula(on	  &	  melt	  than	  beetle	  kill	  


