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Figure 2 |Measurements of forest productivity and mortality overlaid on
the FDSI (red, right y axis). a, The annual average late-June to
early-August NDVI calculated from satellite (1981–1999: AVHRR,
2000–2012: MODIS) imagery. b, Annual forest inventory and analysis
measurements of the percentage of standing dead trees in the SWUS for
the three most common conifer species. Error bars represent standard
deviation of the percentage dead when each year’s forest inventory and
analysis measurements are randomly resampled 1,000 times
(Supplementary Information). c, Aerial-survey-derived estimates of the
area where ⌅ 10 trees per acre were killed by bark-beetle attack.
d, Satellite-derived moderately and severely burned forest and woodland
area in the SWUS. See Supplementary Information and Supplementary
Fig. S4 for methods to calculate burned area. The inset shows the
percentage of years within a given FDSI class that were top-10% fire-scar
years during AD 1650–1899 (the horizontal line is at the expected
frequency of 10%, bins are 0.25 FDSI units wide). In all panels, the FDSI
values for 2008–2012 (open red squares) were estimated by applying
climate data to equation (1). Note the inverted y axes for the FDSI in b–d.

drought has been, and remains, a primary driver of widespread
wildfires in the SWUS.

Given the exponential relationships established between the
FDSI and tree mortality, severe drought events before the observed
record probably coincided with widespread tree mortality. As
observed climate and mortality data are unavailable for much of
the past millennium, we use the FDSI record to identify other
severe drought events likely to have caused widespread mortality
since ad 1000 (Fig. 3). A drought event is defined as any period
greater than three years when the mean FDSI is negative, the FDSI
is not positive for two consecutive years34, and the FDSI is less
than two standard deviation units below the 1896–2007 mean for
at least one year. Drought-event strength is the sum of the FDSI
values during the event. Updating the FDSI for 2008–2012 with
the FDSI values estimated from equation (1), three drought events
have occurred within the observed climate record: the present
drought (2000–2012, the fifth strongest since ad 1000), 1945–1964
(the sixth strongest) and 1899–1904 (the seventeenth strongest;
Fig. 3). The prolonged 1945–1964 event was indeed associated with
extensive treemortality in the SWUS as indicated by documentation
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Figure 3 | Eleven-year smoothed FDSI for AD 1000–2012. Black area: 95%
confidence range of the FDSI, representing the range of FDSI values
expected if all 335 chronologies were available. Vertical grey areas highlight
drought events.

of bark-beetle outbreaks30,35, anomalously large wildfires31,32 and
widespread die-off of conifers30,31,35. The 1899–1904 drought was
also associatedwith forest declines36, although little documented.

Before the 1900s, the 1572–1587 event was the most recent
event exceeding the severity of the present event (Fig. 3). This
megadrought event37,38 ranks as the fourth most severe since
ad 1000 and the most severe since 1300. Although direct mortality
observations are not available for the 1500s event, studies of forest
age structure document a scarcity of trees on today’s landscape
that began growing before the late 1500s (refs 13,31). As lifespans
of SWUS conifers often greatly exceed 400 years, the scarcity of
trees preceding the 1500s event indicates that intense drought
conditions probably led to deaths of a large proportion of trees
living at the time. Before the late 1500s, the correspondence between
records of conifer pollen buried at archaeological sites and tree-ring
widths39 suggests that widespread tree mortality (indicated by
pollen) co-occurred with massive droughts in the 1200s (indicated
by tree rings). Notably, ancient Puebloan populations and land-use
practices were in great flux during this time, confounding the
attribution of a dominant cause of the 1200s forest decline40.

Future forest drought-stress
The ongoing VPD-dominated drought event (Fig. 4a) is consistent
with climate-model projections (phase 3 of the Coupled Model
Intercomparison Project (CMIP3)) of increasing warm-season
VPD (⇧3.6%decade�1) throughout the rest of the twenty-first
century in response to business-as-usual greenhouse-gas emissions
scenarios41 (SRES A2; Fig. 4a and Supplementary Fig. S6 for
alternative emissions scenarios: SRES A1B and B1). Dynamically
downscaled (0.5⇥ geographic resolution)model projections indicate
similar increases in the VPD (Fig. 4a and Supplementary Infor-
mation). Furthermore, most models project a slight decrease in
cold-season precipitation during the second half of this century
(⇧ � 1.25%decade�1, Fig. 4c). Applying model projections to
equation (1), all models indicate negative FDSI trends throughout
the twenty-first century (Fig. 4d). By 2050, the ensemblemean FDSI
is consistently more severe than that of any megadrought since at
least ad 1000 (megadrought conditions are surpassed by 2070 in the
most optimistic B1 emissions scenario, Supplementary Fig. S6d).
Notably, projections of the FDSI are more severe than projections
of gross water balance (precipitation–evaporation) because water-
balance projections are influenced more by decreased cold-season
precipitation than by increasedwarm-seasonVPD (ref. 15).

FDSI projections suggest that SWUS forest drought-stress is
entering a new era where natural oscillations such as those apparent
in Fig. 3 are superimposed on, and overwhelmed by, a trend
towards more intense drought stress. As the VPD diverges from the
range of observed variability, nonlinear effects may alter drought
impacts on forests (for example, Fig. 5 in ref. 42). During the
observed record, equation (1) was a better predictor of the FDSI
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biogeochemical impacts include reductions in plant C
uptake, increases in decomposition, and potential loss of
nutrients. An example of “coupled” biogeophysical and
biogeochemical processes is the influence of canopy struc-
ture (leaf area and stem density) on the amount of precip-
itation captured by the foliage (and therefore on soil mois-
ture), the effects of soil moisture on soil decomposition
and plant growth, and the interaction between soil nutri-
ents, decomposition, and plant growth (Figure 2). 

Biogeophysical and biogeochemical impacts following
bark beetle infestation have the potential to severely affect
both natural resources and economic values. For example,
snow from mountain ecosystems is the major source of
water for more than 60 million people in the western US
and Canada (Bales et al. 2006); changes in forest structure
following bark beetle epidemics alter the amount, timing,
and partitioning of this resource (Rex and Dubé 2006;
Pugh and Small 2012). Post-insect-infestation tree mortal-
ity also affects C and N cycling in forests. Although most
of these forests are net C sinks (eg Schimel et al. 2002),
insect-related disturbances may cause them to release C to
the atmosphere (Kurz et al. 2008). Nutrient cycling within
affected forest ecosystems will also be modified, with
reduced plant uptake increasing water and nutrient export.
As a result, the aggregate impact of insect outbreaks may
have consequences for regional and global weather and cli-
mate systems as well as for water supply and C storage. 

Here, we present a chronological model of ecosystem
impacts to help inform future management decisions and
to identify future research areas that will improve under-
standing of insect-related disturbances. Our model focuses
on the characteristic time scales of a mountain pine beetle
(Dendroctonus ponderosae) outbreak in lodgepole pine
(Pinus contorta Douglas var latifolia) forests (Figure 2),
beginning in the initial days and weeks after infestation
(Stage 1; Figure 3a), proceeding through a phase in which
needles turn red in the months to years following the out-
break (Stage 2; Figure 3b), to the gray phase that occurs as
needles fall off dead trees within 3–5 years following attack
(Stage 3; Figure 3c), and finally to tree regeneration and
snagfall in the decades following the outbreak (Stage 4;
Figure 3d). Pine stands that are affected by mountain pine
beetle infestations are typically dominated by lodgepole
pines (> 80% of the stem density), although spruce (Picea
spp) and fir (Abies spp) are also found therein. Understory
vegetation may be extensive in some stands (eg Brown et
al. 2010). We anticipate that our conceptual model will
provide a framework for future investigations of the
impacts of bark beetles on forest ecosystems.

! Coupled biogeophysical and biogeochemical
impacts

Stage 1: green attack (days to weeks) 

Mountain pine beetles preferentially infest and kill larger
diameter host trees (pines), leaving smaller diameter trees

and understory vegetation unaffected (Shore and
Safranyik 1992). Beetles introduce blue stain fungi
(Grosmannia clavigera) into tree xylem, which decrease
and eventually prevent water transport (Paine et al.
1997). Sap flux studies have shown that a drop in transpi-
ration occurs within one month of infestation and that
the rate of change is dependent on fungal virulence
(Yamaoka et al. 1990). This finding contrasts with exper-
imentally girdled trees (simulating beetles feeding on
phloem) that took up to five growing seasons to die,
whereas those inoculated with blue stain fungi died in
one growing season (Knight et al. 1991). 

The initial impact of mountain pine beetle-induced
mortality on lodgepole pine trees is hypothesized to occur
in three stages. First, water transport in the stem shuts
down, which results in the same response of stomatal clo-
sure as tree response to drought. Stomatal conductance
and plant hydraulics are closely coordinated (Ewers et al.
2007). Second, a drop in stomatal conductance leads to a

Figure 1. Areas affected by bark beetles from 1997–2010 (in
the western US) and 2001–2010 (in British Columbia,
Canada). Color of each grid cell represents the last year that
bark beetle damage was observed by aerial surveys.



Mountain Pine Beetle (MPB) 
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How might this impact water? 

compared to bark beetle infestation are tree harvest
and fire. Adams et al. (2011) conducted an extensive

review on the ecohydrological similarities and differ-

ences between tree mortality associated with canopy
die-off, forest harvesting practices and fire and

highlighted below are some of the different responses

that are important to distinguish. One of the main
differences is that in high severity fires and many tree

harvesting practices, there is entire loss of the
overstory canopy, while in bark beetle infestations

mortality is not necessarily continuous across the

entire watershed. In general, fire is not as similar to
bark beetle infestations as tree harvesting, as fire

completely alters ground surface vegetation and soil

surface properties. Forest harvesting is similar in many
ways to bark beetle infestations, inasmuch as both

disturbances result in diminished canopy and reduced

vegetative nutrient and water uptake; however, forest
harvesting also often includes soil disturbance, soil

compaction and road construction and maintenance,

all of which contribute to differences in hydrological
and biogeochemical processes. Beetle-induced tree

mortality also occurs in phases, with the tree initially

losing its ability to take up water and nutrients,
followed by needle discoloration and several years

later actual needle drop. This slower transitioning

results in less stark changes to forest biogeochemistry,
as soil buffering and surviving vegetation can often

compensate lowering nutrient export and observed
hydrological changes (Griffin et al. 2013). In compar-

ison, forest harvesting occurs on a much shorter

timescale with complete canopy removal associated
with immediate tree death. With the above highlighted

differences between bark beetle infestations and other

land disturbances, it becomes apparent that even with
similarities we can draw upon from the extensive pool

of literature on non-bark beetle canopy-changing

disturbances, it is necessary to review and synthesize
the impacts bark beetle infestations can have on

hydrological and biogeochemical processes.

Fig. 1 A conceptual image depicting the continuously chang-
ing hydrologic and biogeochemical cycles during the various
phases of bark beetle infestation. The top portion of the figure
contains the visual representation of the three primary phases of
infestation, with the accompanying elements of the hydrologic
cycle. Fluxes are denoted with arrows and storage reservoirs as
rectangles with the associated increase or decrease in the
process depicted by the fill departure above or below the N.S.C.
(‘‘no significant change’’) line. While differences in changes of
each variable have been observed due to catchment character-
istics, climate and infestation characteristics, the filled-in
portion displays the general trend even though magnitude may

vary. T transpiration, E ground evaporation, I interception, SWE
snow water equivalent, h soil moisture, A ablation and Q water
yield. The bottom of the figure displays the temporal trends
associated with the different phases of infestation and the
expected alterations in biogeochemical cycling. An up arrow
indicates concentrations above baseline, a down arrow indicates
concentrations below baseline and a horizontal dash indicates
no significant change (with the size of the arrow indicating
magnitude). Asterisks(*) indicate this trend depicts the majority
of results published, although occasional studies have not
observed this trend. See Table 1 and 2 for additional
clarification
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A few project results 
•  Predicted hillslope changes in hydrology  
•  Observed water quality impacts 
•  Isotopic observations demonstrate 

changes in transpiration 
•  Multiscale modeling 
•  Stakeholder perception and 

communication 
•  Tree-scale metals transport 
•  Education and outreach 
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Comparisons between 
beetle-impacted (MBP) and 

control watersheds show 
decreases in water quality.  

These are first observed 
drinking water-quality 

impacts due to climate 
change. 
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We have a range of 
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Rocky Mountain 
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Our conceptual model links late summer 
groundwater uptake and tree mortality 
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We use a paired-watershed approach combined 
with historical observations 
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We use end-member mixing to determine 
contributions to the hydrograph  
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 We found an increase in GW contributions for 
impacted watersheds 
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Using models to predict streamwater age 
and composition is an important topic in 
hydrology 
 

“What are the physical processes and material 
properties that control transit time distribution? 
How and why do these processes vary with 
time, ambient conditions, and place?” 
 
“How can we deal with the effects of … ET 
partitioning in ‘predicting’ transit time 
distributions…” 



Integrated hydrologic models may be used to 
attribute source and to study the effects of 
disturbances such as ET 
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Integrated hydrologic models may be used to 
attribute source and to study the effects of 
disturbances such as ET 
 



Living Hillslope!
Dead Hillslope!

1 year! 10 years!3 months! 100 years!

Steady-state hillslope simulations show shorter 
residence times under beetle-kill scenarios 
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Transient model simulations allow a virtual hydrograph 
separation and show an increase in groundwater 
contribution and demonstrate similar behavior to 
observations 

(Bearup	
  et	
  al	
  NCC	
  2014)	
  



We are using an integrated hydrologic model to study 
scaling implications of beetle infestation 
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Models exhibit compensation in 
evapotranspiration 
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Modeled streamflow response is muted 
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We can use these watershed 
simulations to understand shifts 

in residence time 
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Big	
  Thompson	
  Model:	
  
100	
  m	
  Resolu?on	
  

1	
  km2	
  Forested	
  Domain:	
  	
  
ET	
  at	
  Variable	
  Resolu?on	
  

for	
  8%	
  slope	
  

2	
  m	
  resolu?on	
  

Colorado	
  Model:	
  1	
  km	
  Resolu?on	
  
	
  100	
  m	
  resolu?on	
   	
  500	
  m	
  resolu?on	
  

Denver	
  

East	
  Inlet	
  Model:	
  10	
  m	
  
Resolu?on	
  

Next Steps: We are using a multi-scale modeling 
approach to complement the observational work 
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Online Survey 
Results: 

Perceptions of 
Impacts of 

Mountain Pine 
Beetle on 

Drinking Water 
Resources 

Cottrell, Czaja, Stednick, 
Dickenson, and Mitchell & 
Maloney (undergraduates) 



Process 

 
•  Online Elicitation Survey 

Responses 

–  2013 AWWA Conference - 
Denver, CO 

•  World Café & MPB Technical 
Session, RMSAWWA Joint 
Annual Conference –Keystone, 
CO 



Recommendations: 
Challenges of MPB on 

water 
•  Impact Mitigation 

–  Forestry & Watershed Management 
– Water Treatability 

•  Water Quality 
– Mineral, Organic Carbon Levels 
–  Erosion Rates & Sediment  Flows 

•  Wildfire Potential 
– Post-Fire Impacts 
–  Flooding & Heavy Debris Flow 

•  Water Yield 
– Run-off Quantity and Timing 



Beetle Café - Schematic 
results 



Summary 

•  We see increased groundwater 
contributions from beetle-killed 
watersheds which allow us to estimate 
transpiration 

•  We can use hydrologic models to 
predict source contribution and water 
age 

•  We can use hydrologic models to 
scale-up land-cover disturbances 
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Thank You! 

This	
  material	
  was	
  based	
  upon	
  work	
  supported	
  by	
  the	
  Na?onal	
  Science	
  Founda?on	
  (WSC-­‐1204787)	
  and	
  U.S.	
  Geological	
  
Survey	
  (G-­‐2914-­‐1).	
  Any	
  opinions,	
  findings,	
  and	
  conclusions	
  or	
  recommenda?ons	
  expressed	
  in	
  this	
  material	
  are	
  those	
  of	
  the	
  
authors	
  and	
  do	
  not	
  necessarily	
  reflect	
  the	
  views	
  of	
  these	
  organiza?ons. 	
  	
  


