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ABSTRACT 

 

The recent large-scale bark beetle infestations have altered the forested landscape 

covering much of the Rocky Mountain West. With canopy loss and changes in water and nutrient 

uptake, watershed hydrology and terrestrial biogeochemical cycling have been significantly 

altered. This dissertation contributes to our scientific understanding of these intertwined 

processes by addressing predicted hydrologic changes complimented by analysis of laboratory 

and field-scale water quality parameters. A synthesis of current literature studies regarding bark 

beetle infestations and their impact on hydrology and the intertwined biogeochemistry reveals 

tree-scale changes to soil-water chemistry (N, P, DOC and base cation concentrations and 

composition) are being observed in association with beetle outbreaks which ultimately could lead 

to larger-scale responses; however, the different temporal and spatial patterns of bark beetle 

infestations due to different beetle and tree species lead to inconsistent infestation impacts. 

Climatic variations and large-scale watershed responses provide a further challenge for 

predictions due to spatial heterogeneities within a single watershed; conflicting reports from 

different regions suggest that hydrologic and water quality impacts of the beetle on watersheds 

cannot be generalized.  

A three-dimensional numerical modeling study used to address the hydrologic and land 

energy changes anticipated throughout the various stages of bark beetle mortality demonstrates 

that infested watersheds will experience a decrease in evapotranspiration, an increase in snow 

accumulation accompanied by earlier and faster snowmelt and associated increases in runoff 

volume and timing.  Impacts are similar to those projected under climate change, yet with a 

systematically higher snowpack.  These results have implications for water resource management 

due to higher tendencies for flooding in the spring and drought in the summer.  

Laboratory column studies and field soil-water samples that were used to determine how 

changes in total organic carbon concentrations and composition will influence metal mobility 

under beetle-impacted trees indicate that a large needle pulse after bark beetle-induced tree death 

and subsequent decomposition will enhance soil-water concentrations of Cu, Zn and Al. The 

addition of large amounts of Zn from the pine needle leachate could create higher soil-water 

concentrations along with additional sorption of zinc to the soil matrix. This large input of Zn to
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 soils could initiate prolonged impacts even after the needles are leached as the sorbed Zn is 

released. Field collected soil-water samples consistently had concentrations above EPA aquatic 

life criteria levels for Al and Zn but not for Cu, which would exacerbate existing water quality 

issues in Colorado where streams often exceed ecotoxicity levels for Al, Cu and Zn. The 

enhanced mobilization of the three metals from pine needle leachate could also create ecological 

toxicity issues for plants as well as inhibit regrowth beneath the dead canopies.  

Analysis of temporal field water-quality data sets containing total organic carbon and 

disinfection byproduct concentrations at water treatment facilities in healthy and bark beetle-

impacted watersheds demonstrate higher total organic carbon (TOC) concentrations along with 

significantly more DBPs at water-treatment facilities using mountain pine beetle (MPB)-infested 

source waters when contrasted with those using water from control watersheds.  In addition to 

this differentiation between watersheds, DBP concentrations demonstrated an increase within 

MPB watersheds related to the degree of infestation. Disproportionate DBP increases and 

seasonal decoupling of peak DBP and TOC concentrations further suggests that TOC 

composition is being altered in these systems.  
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Chapter 1 

INTRODUCTORY REMARKS 

 

Climate change is creating stress on environmental ecosystems throughout the world and 

in turn, may alter many global cycles. As a result of increased temperatures and drought, stressed 

forests are more susceptible to insect attack, and in the past several decades scientists have 

witnessed the largest levels of tree mortality ever recorded due to insect infestations (Figure 1.1). 

In forests that are reaching close to 100% tree mortality, hydrological and biogeochemical cycles 

are being significantly altered. Changes in canopy cover lead to decreased precipitation and 

radiation interception reaching the forest floor. Increased needle deposition and decreased 

rhizodeposition alter 

terrestrial carbon inputs, 

shifting biogeochemical 

equilibriums.  The purpose of 

this dissertation is to explore 

how the changing hydrology 

and biogeochemical inputs 

during a beetle infestation 

will impact water quality in 

the Rocky Mountain West.  

This dissertation is a 

culmination of three 

published papers and one that 

is currently submitted and 

undergoing peer-review. 

These four papers form a 

cohesive document and help 

set the foundation to 

understand the hydrological 

and biogeochemical changes 

forested watersheds will 

Figure 1.1 The level of MPB infestation in 2011 in the Rocky 
Mountains of Colorado. Test sits listed are where research was 
conducted (Mikkelson et al. 2013b, NCC). 
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experience throughout a beetle infestation. The first paper (Chapter 2) is a synthesis paper 

published in Biogeochemistry where the recent literature on this topic was critically reviewed 

and compiled to document conserved trends and observations along with future research 

avenues. It is an excellent preliminary chapter to introduce readers to the overarching questions 

associated with bark beetle infestations and their impact on watershed hydrology and 

biogeochemistry.  

In addition to this critical synthesis, chapter two sets the stage for the following chapters 

(and cites two of those as recently published papers) by discussing how the observations and 

conclusions of both papers address relevant hypotheses and questions as well as setting the stage 

for the additional research chapter of my dissertation. Chapter two concludes by discussing the 

various gaps that exist in our knowledge on this topic, one of which includes whether or not we 

will observe changes to metal mobility throughout beetle infestation, which is addressed in 

Chapter four.   

Chapter three is a paper published in Ecohydrology and was one of the first modeling 

studies conducted with regards to hydrological changes in a beetle-impacted forest.  It explores 

how the water and energy budgets might be altered throughout various phases of beetle 

infestation. Chapter four is published in Environmental Science: Processes and Impacts and 

begins to explore how metal mobility might be altered during a beetle infestation due to 

complexation with organic matter or increased metal deposition in near-tree soils. Chapter five is 

a paper published in Nature Climate Change and was one of the first papers to link a climate-

change phenomenon to water quality implications.  This paper uses a robust data set from water 

treatment facilities in the Rocky Mountains of Colorado and links changes in total organic 

carbon and disinfection byproduct concentrations to levels of tree mortality in the forested 

watersheds. As a whole, this dissertation addresses questions and concerns regarding how our 

watersheds are going to be altered from a large-scale, climate-change phenomenon that might 

only get worse with time and provides the foundation to predict changes to analogous (albeit 

different) watersheds experiencing subsequent insect infestations. 
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Chapter 2 

BARK BEETLE INFESTATION IMPACTS ON NUTRIENT CYCLING, WATER QUALITY 

AND INTERDEPENDENT HYDROLOGICAL EFFECTS 

 

A paper published in Biogeochemistry1 

 

Kristin M. Mikkelson2,3, Lindsay A. Bearup2,3, Reed M. Maxwell3,4, John D. Stednick5, John E. 

McCray2,3 and Jonathan O. Sharp2,3    
1Reprinted with permission of Biogeochemistry (2013) 115:1-21 and all co-authors. 
2Department of Civil and Environmental Engineering 

Colorado School of Mines 

Golden, CO USA 
3Hydrological Science and Engineering Program 

Colorado School of Mines 

 Golden, CO USA 
4Department of Geology and Geological Engineering 

 Colorado School of Mines 

 Golden, CO USA 
5Department of Forest and Rangeland Stewardship 

 Colorado State University 

 Fort Collins, CO USA 

*Both Kristin Mikkelson and Lindsay Bearup were primary authors in the writing of this manuscript.   

Mikkelson wrote the abstract, introduction, water quality and nutrient cycling and  

summary/synthesis sections.  Bearup wrote the coupled hydrologic and biogeochemical shifts section. 

Maxwell, Stednick, McCray and Sharp all contributed to the synthesis and writing of the manuscript. 

 

Abstract 

Bark beetle populations have drastically increased in magnitude over the last several 

decades leading to the largest-scale tree mortality ever recorded from an insect infestation on 

multiple wooded continents. When the trees die, the loss of canopy and changes in water and 

nutrient uptake lead to observable changes in hydrology and biogeochemical cycling. This 

review aims to synthesize the current research on the effects of the bark beetle epidemic on 

nutrient cycling and water quality while integrating recent and relevant hydrological findings, 

along with suggesting necessary future research avenues. Studies generally agree that snow 
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depth will increase in infested forests, though the magnitude is uncertain. Changes in 

evapotranspiration are more variable as decreased transpiration from tree death may be offset by 

increased understory evapotranspiration and ground evaporation. As a result of such competing 

hydrologic processes and the inherent variability of natural watershed characteristics, water 

quality changes related to beetle infestation are difficult to predict and may be regionally distinct. 

However, tree-scale changes to soil-water chemistry (N, P, DOC and base cation concentrations 

and composition) are being observed in association with beetle outbreaks which ultimately could 

lead to larger-scale responses. The different temporal and spatial patterns of bark beetle 

infestations due to different beetle and tree species leads to inconsistent infestation impacts. 

Climatic variations and large-scale watershed responses provide a further challenge for 

predictions due to spatial heterogeneities within a single watershed; conflicting reports from 

different regions suggest that hydrologic and water quality impacts of the beetle on watersheds 

cannot be generalized. Research regarding the subsurface water and chemical flow-paths and 

residence times after a bark beetle epidemic is lacking and needs to be rigorously addressed to 

best predict watershed or regional-scale changes to soil-water, groundwater, and stream water 

chemistry. 

2.1 Introduction 

The current bark beetle (Dendroctonous ponderosae) epidemic in western North America 

presents challenging water-resource problems. Bark beetle outbreaks are typically endemic and 

result in minimal tree mortality in affected watersheds; however, the recent outbreak has affected 

an unprecedented number of lodgepole pine trees (Pinus contorta) in the Rocky Mountain West, 

with some watersheds reaching 100% tree mortality (Raffa et al., 2008) and over 5 million 

hectares infested in both the western US and British Columbia (Meddens et al., 2012). Outbreaks 

are not specific to North America, and analogous increases in the magnitude of infestation have 

been observed in both Europe and Asia (eg. Huber et al., 2004; Tokuchi et al., 2004). Due to the 

current scale of infestations, there has been an increase in research addressing water resource 

effects (both quality and quantity) resulting from bark beetle outbreaks. 

Prior bark beetle hydrology reviews have focused on water quantity impacts from tree 

die-off and draw heavily on past findings relating to forest management and harvesting practices 

(Helie et al., 2005; Schnorbus et al., 2010; Adams et al., 2011; Pugh and Gordon, 2012). 

However, the different processes affecting water supply have a direct and quantifiable impact on 
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nutrient cycling and hence, water quality (Bricker and Jones, 1995). Recent work has developed 

conceptual frameworks of the coupled biogeochemical and biogeophysical impacts of the bark 

beetle (Pugh and Small, 2011; Edburg et al., 2012); and model simulations suggest that given the 

large variability in beetle outbreak dynamics and heterogeneity in watersheds, a large range of 

nutrient responses are possible (Edburg et al., 2011). We expand upon these frameworks by 

critically synthesizing literature relating to the effects of the bark beetle epidemics on water 

quality, while integrating relevant research on water quantity and hydrology, to better understand 

interrelated feedbacks. While bark beetles may infect many varieties of coniferous trees which 

may slightly alter the watershed biogeochemical response, our emphasis on water quality mostly 

focuses on the repercussions of beetle-induced die-off of lodgepole pine (Pinus contorta), 

Douglas-fir (Psuedotsuga menziesii) and Engelmann spruce trees (Picea engelmannii), which 

forms most of the recent literature. It has also been shown that biogeochemical cycling post 

beetle infestation, particularly nitrogen cycling, does not significantly differ between host species 

(Griffin and Turner, 2012).  

As the climate changes throughout most forested regions, characteristics of bark beetle 

infestations are predicted to intensify (Ayres and Lombardero, 2000; Dale et al., 2001; Williams 

and Liebhold, 2002). With warming temperatures, outbreaks are predicted to shift towards higher 

latitudes and higher elevations (Dale et al., 2001; Williams and Liebhold, 2002; Jšnsson et al., 

2009) and insect biodiversity will generally decrease (Williams and Liebhold, 1995; Fleming, 

1996; Coley, 1998). In addition, adaptation to the changing climate has resulted in a second 

insect generation per growing season, further intensifying the epidemic (Mitton and Ferrenberg, 

2012). Until sufficient vegetation regrowth and forest renewal, the deforested zone shifts from a 

carbon sink to a carbon source, which may further contribute to climate change (Kurz et al., 

2008). 

Changes in canopy cover, interception and evapotranspiration have the potential to alter 

hydrologic processes including streamflow and soil moisture along with forest biogeochemistry 

(Figure 2.1). Larval feeding and the introduction of blue-staining fungus carried by bark beetles 

immediately restricts water and nutrient flow to the tree (Reid, 1961). The needles on an attacked 

tree progress in color from green to red within 2-3 years after attack; several years later, the tree 

appears grey as the needles drop to the forest floor faster than the typical annual litter-fall (Kim 

et al., 2005), thus decreasing canopy cover and interception of precipitation. Along with needle 
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drop, tree branches and trunks fall to the forest floor and decay leaches increased amounts of 

carbon, phosphorus, and base cations into the soil matrix (Yavitt and Fahey, 1986) potentially 

altering the forest biogeochemistry. Tree-fall rate is variable with climate, tree diameter, land 

geomorphic characteristics, forest management practices and tree species and can occur 

anywhere from 5-25 years post infestation (Mitchell and Preisler, 1998). All of the inherent 

changes in a bark beetle infested forest could ultimately contribute to detrimental and complex 

Figure 2.1 A conceptual image depicting the continuously changing 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 characteristics, 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, θ = 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). * indicates this 
trend depicts the majority of results published, although occasional studies have not observed this 
trend.  See Table A1 and A2 for additional clarification.  
!
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changes to both water quality and quantity that vary both spatially and temporally from the onset 

of infestation.   

While the bark beetle infestations create somewhat different changes in hydrology and 

biogeochemistry, a large pool of literature exists on other types of land disturbances that have 

similar post-disturbance phenomena. The two most common land disturbances compared to bark 

beetle infestation are tree harvest and fire. Adams et al. (2011) conducted an extensive review on 

the ecohydrological similarities and differences 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 comparison, 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. 

2.2 Coupled hydrologic and biogeochemical shifts  

Observed water quantity impacts from widespread insect outbreaks range from tree-scale 

processes, such as evapotranspiration, soil moisture and snow accumulation and melt, to 

watershed-scale effects, such as water yield and peak flow rates (Figure 2.1). These perturbations 
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can have collective effects on water quality and make understanding hydrologic changes an 

essential first step to water quality predictions; this is particularly important in regions like 

ColoradoÕs Front Range, where the majority of the water supply is generated from mountain 

snowmelt. While the magnitude may vary, most studies show similar trends in tree-scale water 

quantity processes such as soil moisture and snow accumulation with increasing die-off (Table 

2.1). As more processes and diverse environmental variables are incorporated at larger scale, the 

response of large watersheds is more uncertain and varies between watersheds (Stednick and 

Jensen, 2007; Weiler et al., 2009; Adams et al., 2011). The sections below highlight recent 

research on the effects of the beetle infestation on water quantity and further integrate this 

understanding to explain how alterations to the water budget can affect water quality.  

2.2.1 Snow Accumulation and Ablation 

Snow pack accumulation typically increases with reduced interception as trees progress from 

green to grey canopy phases (Boon, 2007; Boon, 2009; Teti, 2009; Pugh and Small, 2011). 

However, observations also suggest that net accumulation may be minimal due to increases in 

ablation (i.e. combined melt, sublimation, and wind removal) which offset decreases in 

interception (Biederman et al., 2012). The observed magnitude of change in snow water 

equivalent (SWE) or accumulation is directly related to the ability of ablation at the ground 

surface to offset increased snow inputs from decreased interception. In general, ablation rates 

tend to be higher in infested watersheds (Potts, 1984; Boon, 2009; Pugh and Small, 2011). Teti 

(2009) found that ablation rate variability could be described by radiation transmittance and 

basal area. Initial model results from Boon (2007) found a modest reduction in ablation rate; 

however, incorporation of a more detailed water balance by Boon (2009) suggests that rates 

increase in impacted stands. In addition to the increase in exposure due to solar radiation, 

increased needle-fall on the snow surface decreases snow albedo, in turn leading to increased 

snow ablation energy (Winkler et al., 2010; Pugh and Small, 2011). This phenomenon is 

particularly important in red and grey phase stands, which receive more shortwave radiation than 

green stands (Boon, 2009). However, the albedo decrease is only observed during the red phase 

when needles are falling and by the time the tree has transitioned to grey phase and most needles 

have fallen, the albedo may actually be greater than in undisturbed pine forests (Winkler et al., 

2012). The contribution of wind removal to ablation rates is insignificant relative to the increase 

from enhanced solar radiative fluxes (Biederman et al., 2012).  
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Table 2.1 Water Quantity Studies 

Reference Study Site Tree Species ET 
Water 
Yield 

Soil 
Moisture 

Snow 
Depth 

Ablation 
Rate*** 

Comparison 
Methodology 

Hubbard et al 
2013 

Fraser  
CO, USA 

Lodgepole Pine 
Pinus contorta 

Trans
. 
 

    
Field: 17 red, 10 green vs. 
8 girdled treatment trees 

Mikkelson et 
al 2013c 

Rocky Mtns.  
CO, USA 

Lodgepole Pine 
Pinus contorta 

  
runoff    

Model: Coupled 
hydrology-land surface 
model of green, red, grey 
and dieback phases  

Biederman et 
al 2012 

Rocky Mtns., 
USA 

Lodgepole Pine 
Pinus contorta    N.S.C.  

Field: 20 plots - grey, red 
and green phases 

Boon 2012 Fraser Lake 
BC, Canada 

Lodgepole pine 
Pinus contorta    N.S.C, 

   
Field: 3 plots - grey phase, 
green phase and clearcut  

Winkler et al 
2012 

Mayson Lake 
BC, Canada 

Lodgepole pine 
Pinus contorta     N.S.C, 

 
Field: 3 plots – lodgepole, 
mixed, and clearcut stands 

Clow et al 
2011 

Grand County 
CO, USA 

Lodgepole, Limber, Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa - -  - - 

Field: Red vs Green Trees 

Pugh & Small 
2011 

Colorado River 
Headwaters 
CO, USA 

Lodgepole Pine 
Pinus contorta - - -   

15% 
 

1 Week 

Field: 8 pairs of grey and 
green trees (red 
accumulation ~ green) 

Bewley et al 
2010 & (Alila 
et al 2009**) 

Baker Creek 
BC, Canada 

Lodgepole Pine 
Pinus contorta - - - 

  
12-

19% 

 
10-15% 

Model: Calibrated 
DHSVM of green, red, 
grey & rejuvenating stands 

Schnorbus et 
al 2010** 

Fraser River 
Basin 
BC, Canada 

Lodgepole Pine 
Pinus contorta - 

  
peak 
flow 

- - - 
Model: Calibrated VIC of 
unimpacted, 20%, 100% 
impacted 

Boon 2009 Fraser Lake 
BC, Canada 

Lodgepole pine 
Pinus contorta - - -  

 
14-17% 

Field: Alive vs Red/Grey 
Stands 
Model: Water Budget 

Weiler et al 
2009** 

Fraser River 
Basin  
BC, Canada 

Lodgepole pine 
Pinus contorta - 

  
peak 
flow 

- - - 
Model: comparison of 0% 
and 100% impacts 
watersheds 

Teti 2008, 
2009** 

Interior Plateau 
BC, Canada 

Lodgepole pine 
Pinus contorta - - -   

Field: 24 plots - five study 
areas of varying impacts 
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Morehouse et 
al 2008 

Sierra Ancha 
Range AZ, USA 

Ponderosa pine  
Pinus ponderosa - -  - - 

Field:  Infested vs. 
uninfested plots 

Beudert et al 
2007 

Bavarian Forest, 
Germany 

highland spruce  
Soldanello-Picetum 
barbilophoietosum 

61% 
 

  
15%* - - - 

Model: DSA (ref. v 80% 
impact) & water balance  
Field: isotopes analysis 

Boon 2007  Vanderhoof 
BC, Canada 

Lodgepole pine 
Pinus contorta - - -    

Field: 3 field plots of alive, 
red/grey & cleared trees 

Stednick & 
Jensen 2007 

8 Watersheds 
CO, WY USA 

Lodgepole Pine 
Pinus contorta -  - - - 

Field: Infested vs. 
uninfested watersheds 

Zimmermann 
et al 2000 

Bavarian Forest, 
Germany 

highland spruce 
Soldanello-Picetum 
barbilophoietosum    

~30%* - - - 

Field: Historical Runoff 
Data  
Model: Runoff coefficient 
& ET 

Knight et al 
1991 

Medicine Bow 
Range 
WY, USA 

Lodgepole pine 
Pinus contorta -  

92% - - - 
Model: Girdled stands 
(listed yield represents 
stand level outflow) 

Potts 1984 Jack Creek  
MT, USA 

Lodgepole pine 
Pinus contorta -  

15% - -  
2-3 week 

Field: 4 year prior vs. 5 
year post; single watershed 

Bethlahmy 
1974, 1975 

Yampa & White 
Rivers  
CO, USA 

Engelmann Spruce 
Picea engelmannii -   

10% - -  
Field: Paired watershed  
of Elk & Plateau Rivers  

Love 1955 White River 
CO, USA 

Engelmann Spruce 
Picea engelmannii -  - - - 

Field: Paired watershed w/ 
uninfested Elk River 

 
Percent increase or decrease from the reference temporal or spatial variable is provided, when available, for each parameter.  It should be noted 
that the method and timing of determination will influence the percent provided. 
*This result is the reported change in runoff coefficient.  Beudert et al (2007) also performed a double sum analyses (DSA) which resulted in 
greater increases for individual components of runoff (direct runoff increased by 62%, slow groundwater runoff by 25% and fast groundwater 
runoff by 32%).  
**Indicates a study published as a report or other source that is not peer reviewed. 
***Ablation rates report in weeks represent shifts in the peak snowmelt timing, with increasing arrows indicating earlier peak melt. 
!
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When comparing green and grey stands across different sites, changes in snow 

accumulation display inconsistencies in magnitude and may be overshadowed by the spatial 

variability in winter weather conditions or possibly increased spatial variability of snowpack 

accumulation under beetle-killed trees (Teti, 2009). In addition, stand scale spatial variability is 

important as denser canopy cover may result in increased SWE with tree death, while the 

opposite trend is observed in areas with sparser coverage (Biederman et al. 2012); however 

beetles may more successfully kill trees that are naturally in areas of lower density (i.e. not 

managed or thinned stands) as a result of having potentially thicker phloem layers (Kaiser et al. 

2012). 

   Temporal variability, specifically inter-annual differences in meteorological conditions 

and phase of tree death, also affects the response of snow accumulation to tree death (Pugh and 

Small, 2011; Boon, 2012; Winkler et al., 2012). Studies on the effects of widespread MPB-

induced tree mortality on snow accumulation in British Columbia reveal greater differences in 

accumulation in years of low SWE, which the authors attribute to decreased interception 

(Winkler et al., 2012). This difference in interception also changes as tree death progresses. In 

contrast to the increase in snow accumulation observed in grey stands in Colorado, red phase 

trees exhibited no significant change in accumulation compared to green trees as most needles 

still remain on the trees and canopy transmittance from red phase trees was similar to green 

phase trees (Pugh and Small, 2011), 

Other mechanistic modeling studies have also been applied to understand field 

observations (Bewley et al., 2010; Mikkelson et al., 2013c). Model simulations are useful to 

differentiate between bark beetle impacts and inherent annual and spatial variability in snow 

deposition and melt. Bewley et al. (2010) found that discrepancies between field and modeled 

snow observations could be attributed to the model sensitivity in averaged leaf-area index values, 

which were inversely related to net solar radiation and directly related to net long-wave 

radiation. Net radiation was found to be the dominant source of snowmelt energy in modeled red, 

grey and green stands; whereas in clear-cut and regenerating stands there were larger 

contributions from changes in sensible heat flux attributed to increased wind speed. It is 

reasonable that this latter mechanism may also be a more dominant factor in beetle-infested 

forests after tree fall, although fallen trees still reduce wind velocity at the ground level. In 

addition, Pugh and Gordon (2012) found grey lodgepole pine stands transmitted 11 to 13% more 
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sunlight to the forest floor than green stands. Red phase trees exhibited moderate (4-5%) 

increases, which may not result in measurable increases in snow accumulation or melt, as 

observed in an earlier study (Pugh and Small 2011). Mikkelson et al. (2013c) found that 

increased radiation, and thus increased snowmelt and sublimation, can offset the increases in 

snow accumulation due to decreased canopy interception until the air and ground temperatures 

are below freezing and the enhanced melting trend gives way to the permanent winter snowpack. 

As a result, changes in the land energy budget may account for early differences in snow water 

equivalent across sites. 

A larger body of literature investigates the interrelationship between vegetation and snow 

processes, independent of insect infestation (Gelfan et al., 2004; Woods et al., 2006; Jost et al., 

2007; Musselman et al., 2008; Molotch et al., 2009). These studies report 15 to 47% greater 

snow accumulation and 23-54% faster ablation rates in open as compared to forested areas. 

Changes in snow accumulation and melt are predominantly attributed to differences in forest 

cover, elevation, and aspect. Precipitation variability also exerts an influence; the increase in 

accumulation in open spaces was 12% greater in a mild winter than in a winter with above 

average snowfall (Jost et al. 2007). While percent forest cover accounts for a significant portion 

of the variability in snow accumulation, the spatial structure of canopy removal will also result in 

different degrees of change in snow accumulation. When canopy cover was removed in 0.2-0.8 

ha groups, no change in snow accumulation was observed, likely due to increased ablation from 

solar radiation and wind. Conversely, when the same percent of canopy was removed, but evenly 

distributed over the domain, snow accumulation significantly increased (Woods et al., 2006). In 

forests impacted by the mountain pine beetle, tree death is characterized by more distributed 

canopy removal than clustered clear-cutting, particularly in the earlier stages of infestation when 

tree death is less uniform. The findings of Woods et al. (2006) suggest that earlier and dispersed 

MPB-induced tree death will result in significant increases in snow accumulation. In contrast, 

more widespread tree death, potentially related to later stages of infestation or large wind-thrown 

areas, may not result in significant increases. Overall, hydrologic impacts are difficult to 

generalize; the stage of die-off, as well as spatial and climatic variability, must be taken into 

account when predicting future snow accumulation scenarios within bark beetle infested 

watersheds.  
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Changes in snow accumulation, ablation, and possible alterations to snowmelt timing and 

water availability may also have implications for biogeochemical cycling in snow dominated 

high-altitude watersheds. For example, snowmelt timing and growing seasons influence 

ecosystem nitrogen exports. Increased nitrogen deposition over the last several decades suggests 

nitrogen saturation in the high elevation alpine regions of the Rocky Mountain Front Range (eg. 

Baron et al., 1994), resulting in increased N export from these ecosystems. Much of the increase 

in streamwater nitrogen concentrations is observed during snowmelt and is temporally 

disconnected from the peak-growing season of the subalpine forests, where nitrogen is still 

limiting. Earlier snow melt caused by MPB-induced changes in snow dynamics may further 

disconnect this high nitrogen flux from nitrogen limited vegetation. In addition, active microbial 

biomass formation limits nitrate exports from alpine watersheds during snowmelt for 

consistently snow-covered sites; however, inconsistent snowpack does not result in the same 

protection for biomass formation. The limited buffering capacity in inconsistent or shallow 

snowpack may result in greater inorganic nitrogen exports during snowmelt (Brooks et al., 

1998). As a result, spatial and temporal changes in snowpack resulting from widespread land 

cover change may significantly alter the biogeochemical cycle of nitrogen.  

2.2.2 Soil Moisture and Evapotranspiration 

Soil moisture and evapotranspiration (ET) are two interlinked processes that appear to be 

altered following bark beetle outbreaks. After snowmelt, models universally found decreases in 

ET following insect induced tree-mortality, as transpiration ceases soon after initial outbreak 

(Zimmermann et al., 2000; Beudert, 2007; Hubbard et al., 2013; Mikkelson et al., 2013c). 

However, after tree death, increased radiation exposure and moisture in the upper soil horizons 

can increase ground evaporation, and prolonged soil moisture during the growing season may 

increase transpiration as vegetation recovers. Restoration of transpiration in regenerating forests 

is a function of 1) the regrowth of the canopy cover, represented in many models as the leaf area 

index and 2) the development of roots able to reach deeper soil horizons, particularly in dry 

environments. Therefore, the ability of regrowth to mitigate the reduced transpiration from pine 

mortality is directly related to the rooting depth and depth to soil saturation; it is less likely to 

offset transpiration losses on steep slopes, with deeper, less accessible, shallow groundwater and 

lower density plant growth (Mikkelson et al., 2013c). Evaporative moisture loss, as reflected by 

latent heat, is also a function of wind speed which has been linked to observations of increased 
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evaporation in clear-cut harvested areas; this increased flux partially offsets soil moisture 

increases from reduced transpiration (Woods et al., 2006). Increased wind speed may also be 

expected in MPB forests in the dieback phases, although fallen trees may reduce the effect and 

result in smaller increases in evaporation than observed in clearcut areas.  

As a result of net interception and transpiration decreases, soil moisture increases are 

observed in bark beetle infested watersheds in field studies and are theoretically expected based 

on modeling studies. While Morehouse et al. (2008) observed greater soil moisture from spring 

through fall in infested plots, only the summer increases were statistically significant (p≤0.05). 

Clow et al. (2011) found significantly higher soil moisture (p≤0.1) under red and grey phase 

trees when compared with green trees in an October field investigation. Integrated hydrologic 

and land-cover modeling results from Mikkelson et al. (2013c) point to three interrelated controls 

on soil moisture: watershed slope, plant cover, and degree of soil moisture stress. They found 

that the effect of beetle infestation on soil moisture was more pronounced during periods of 

moisture stress when green phase trees continue to transpire, but the drier soil surface layer limits 

ground evaporation. Soil moisture effects are less distinct on steeper slopes because soils receive 

less moisture due to increased runoff, and are generally better drained. Similar to the previous 

hydrologic variables, spatial and temporal heterogeneity in infestation or land and soil 

characteristics must be considered when evaluating the impacts to soil moisture and ET, 

particularly at the watershed scale. For example, the loss of transpiration in an attacked tree is 

rapid and likely results in an increase in soil moisture observed over the first growing season 

after attack and reaching a maximum during the second growing season (Hubbard et al. 2013). 

As the infestation progresses in time and space, however, trees are not uniformly killed resulting 

in a range of transpiration and soil moisture changes at the watershed scale that will mute the 

expected increase in water yield. While the spatial distribution of attacked trees will affect the 

surrounding soil moisture, landscape characteristics and soil moisture also influences what trees 

are more susceptible to attack (Kaiser et al., 2012). For some landscape characteristics, the 

feedbacks between soil moisture and tree susceptibility are compounding. In general, trees under 

water stress are more prone to MPB attack (Kaiser et al., 2012) and the resulting effect on soil 

moisture is more pronounced (Mikkelson et al., 2013c). In contrast, trees on steep slopes are also 

more susceptible to attack; however the effects of the attack are less distinct, as runoff is more 

prominent. Increase in soil moisture, as well as nutrient availability, will also facilitate 
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compensatory growth from remaining and new vegetation (Hubbard et al. 2013). This increased 

water and nutrient uptake further complicates the expected watershed scale response.  

Increases in soil moisture and radiation are often linked with increased rates of soil 

organic matter decomposition in forest soils (eg. Wickland and Neff, 2008). Carbon inputs from 

decomposition are important for the microbial assimilation of nitrogen. In clear-cut forests, 

research suggests that carbon limitations on assimilation, rather than faster litter decomposition, 

is responsible for increased nitrogen availability (Prescott, 2002), further adding to nitrogen 

increases from decreased plant uptake. In unmanaged MPB-impacted forests, carbon limitations 

are less significant, and increased decomposition rates may therefore be an important factor 

causing increased nitrogen fluxes, in addition to increased organic matter degradation.    

2.2.3 Water Yield and Peak Flows 

Bark beetle induced tree mortality has the potential to impact watershed-scale runoff 

properties due to changes in snow accumulation and melt, evapotranspiration and interception. 

The severity of the impact on streamflow response is related to the factors above, as well as to 

the magnitude, type and intensity of precipitation. Stednick and Jensen (2007) propose that 

watersheds receiving less than 20 inches of precipitation annually are not able to overcome 

increases in evaporation and will not see a streamflow response to dieback. In watersheds 

dominated by rain, not snow, peak flow increases should only occur when decreases in 

interception and transpiration are not mitigated by increases in evaporation from increased 

exposure. As a result, increased throughfall is a significant factor for small-storm events wherein 

interception is a larger component of the water balance. Thus, in rain-dominated watersheds, 

peak flow observations may not reflect observed changes in annual water yield (Alila et al., 

2009). In snowmelt-dominated watersheds, however, models used to upscale observed changes 

in snow accumulation and melt rates produced increased peak flow associated with larger storm 

events (Alila et al., 2009).  

Other watershed properties, such as size, also influence changes in peak flow rates. At the 

stand-scale, model results show that soil water outflow may increase by 92% over control plots 

(Knight et al., 1991). Understanding runoff generation at the watershed scale is more 

challenging. Weiler et al (2009) modeled watersheds in the Fraser Basin (British Columbia) at 

different scales assuming death of all pine trees and found that moderate increases in peak flow 

were more likely in larger, aggregate watersheds, while smaller order watersheds could 
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experience either small (<23%) or large (>88%) increases in peak flows. The results suggest that 

simulating a variety of watershed properties at larger scales will result in muted responses in 

peak flow or desynchronized flows. Specifically, peak flows from larger watersheds combine 

flows from multiple sub-catchments, each with different aspects, forested extents, impacted 

areas, and degree of regeneration.  

Evaporation rates and the percent of pine-covered forest have been shown to influence 

the change in peak flow rates in bark beetle infested watersheds. During a 1940s bark beetle 

outbreak further described below, Bethlahmy (1975) observed that streamflow increased more in 

low radiative energy watersheds, such as the north-facing Yampa River (Colorado, USA), than in 

high radiative energy watersheds, where net radiation and evaporative losses were greater. As 

expected, bark beetle infestation has a greater influence on peak flows in watersheds that receive 

most of their runoff from pine-dominated areas (Stednick and Jensen, 2007; Weiler et al., 2009; 

Schnorbus et al., 2010) and are thus more sensitive to MPB infestation. Within the pine-

dominated area, considerable forest regeneration and understory vegetation may prevent 

observable increases in water yield (Stednick, 1996), likely due to transpiration that is restored in 

regrowth or facilitated by increased water availability in understory vegetation. It is also possible 

that a minimum percentage of the watershed must be infested before water yield is detectably 

altered. Zimmermann, et al. (2000) propose a threshold of 25% deforestation prior to observing a 

runoff response. Stednick (1996) proposed a comparable minimum canopy reduction of 20%. If 

the MPB-affected area does not exceed the minimum threshold it is likely that the remaining 

vegetation is capable of transpiring enough of the excess soil moisture that increased flow are not 

detectable. In addition, if the threshold is not met in a snow-dominated watershed and the canopy 

is essentially thinned but interception is still occurring, SWE may actually decrease due to 

increased ablation and increases in peak flow are therefore improbable. Although peak flow 

responses may only occur if a minimum area is deforested, the streamflow response may not be 

immediate upon reaching that threshold. Streamflow observations from a bark beetle outbreak in 

the 1940s in the Rocky Mountains (Bethlahmy, 1974; Bethlahmy, 1975) demonstrated a delay in 

watershed response with little change in annual water yield in the first five years as the 

infestation escalated to epidemic levels. Interestingly, the maximum increase in water yield was 

observed 15 years later, and increases were still detected 25 years after the peak of the infestation 
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(Bethlahmy, 1974). The prolonged response in water yield is indicative of multiple flow paths 

and a range of residence times causing a continued signal for years following outbreak.  

Watershed peak flow response may also be indicative of changes in flow path 

partitioning. We are aware of one study that has looked specifically at changes in flow paths 

from bark beetle infestation using historical data, isotope tracers, and simplified hydrologic 

models. Significant differences from isotopic partitioning into direct and indirect runoff during 

flood events were not found between paired catchments of different degrees of infestation 

(Beudert, 2007). However, double mass analysis, comparing precipitation with components of 

the hydrologic cycle in infested and non-infested watersheds, highlighted increases in surface 

runoff and fast and slow groundwater runoff. This analysis suggests important changes in flow 

path partitioning in each watershed as infestation progressed.  

The mechanisms responsible for competing watershed responses that influence peak flow 

rates are still unclear. Additional studies on the long-term alterations in water partitioning of 

infested watersheds are therefore needed to fully understand the water-quantity and hydrologic 

cycle impacts associated with beetle outbreak. Furthermore, perturbations in flow paths and 

timing in infested watersheds may impact nutrient transport and related biogeochemical 

processes with impacts on nutrient availability for reforestation and downstream water quality. 

For example, Beudert et al. (2007) and Zimmerman et al. (2000) both observed higher nitrate 

concentrations in waters sourced from deeper soil water than from shallow soil water, suggesting 

hydrologic shifts toward this water fraction may result in higher nutrient fluxes.  

2.3 Water quality and nutrient cycling 

As suggested above, soil-vegetation disturbances from insect-induced tree-mortality may 

influence nutrient cycling and ultimately water quality by perturbing existing biogeochemical 

cycles. Specifically, hydrologic changes within the infested watershed may cause increased 

particulate transport, increased organic carbon fluxes from enhanced organic matter 

decomposition, and alterations in nitrogen cycling, which can potentially cause changes in soil 

pH and increased mobilization of metals with toxicological implications (Figure 2.1). The 

available literature on biogeochemical outcomes and water quality perturbations resulting from a 

bark beetle outbreak (Table 2.2) is sparser than literature on water quantity; nonetheless, 

synthesis and interpretation of emerging literature suggests potential impacts. Biogeochemical 

changes in these systems are not yet well understood mechanistically or observationally, and 
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evidence exists for intertwined and competing processes. In the sections below, we discuss 

potential implications of the beetle infestation on biogeochemistry and water quality with a focus 

on nutrients and metals. 

2.3.1 Nitrogen 

High tree mortality rates due to a bark beetle infestation can alter nitrogen cycling. As 

trees die, uptake of nitrogen (N) ceases, which can lead to excess nitrogen pools in underlying 

soils until vegetation regrowth compensates. Increased litter from tree mortality (Griffin et al., 

2011) can also lead to increased inorganic nitrogen pools (Cullings et al., 2003). Transformation 

processes such as nitrification/denitrification and mineralization could be enhanced due to an 

abrupt increase in carbon sources, increased soil moisture, and increased microbial activity from 

higher energy fluxes to the ground; however, confounding factors such as catchment nitrogen 

deposition, surviving vegetation and climate can lead to differing responses post beetle 

infestation.  

Typically, it has been found that nitrogen saturated watersheds in Europe and Southeast 

Asia exhibited a much larger nitrate response (in both soil and surface waters) than more 

nitrogen-limited watersheds such as the arid Rocky Mountain West in North America after a 

bark beetle attack. Three studies (Zimmermann et al., 2000; Huber et al., 2004; Huber, 2005) 

looked at tree-scale nitrogen cycling post beetle infestation in a German spruce forest and saw a 

large soil nitrate response. Increases in nitrate concentrations were found in soil water at 50-

100cm depths for four years after initial die-off with maximum concentrations observed in years 

one and two after initial die-off (Zimmermann et al., 2000). However, shallower soil layers 

showed only slight increases in NO3 concentrations following die-off, possibly due to increased 

denitrification in the upper soil layers where there is typically a higher organic content in the soil 

and increased soil moisture.  

In contrast, Huber et al. (2004) saw a more delayed nitrate response in seepage water 

samples that occurred approximately 4 years after die-off (which corresponds roughly with the 

grey phase). Seepage water NO3 concentrations were elevated for 7 years after outbreak and 

showed a clear seasonal trend with highest concentrations in autumn at the end of the vegetation 

growing period and lowest values after spring runoff. Surviving vegetation and vegetation 

regrowth are common themes when determining the biogeochemical response; they can be 

compensatory mechanisms that explain why a large nitrate response is not often seen post beetle 
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Table 2.2 Water Quantity Studies 

Reference Study Site Tree Species Nutrient 
studied 

Increase or 
Decrease 

Age of Infested 
Stand or Tree 

Sampled Medium 
 

Mikkelson et 
al 2013a 

Rocky Mtns. 
CO, USA 

Lodgepole Pine 
Pinus contorta DOC  

Varying ages Streamwater 

Kana et al 
2012 

Bohemian Forest,  
Czech Republic 

Norway Spruce 
Picea Abies DOC  

2-4 years Top 10 cm of litter 
and organic-rich 
mineral horizon 

Clow et al 
2011 

Grand County  
CO, USA 

Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 

DOC N.S.C. 
Varying ages Streamwater 

Xiong et al 
2011 

Niwot Ridg  
CO, USA 

Lodgepole and Limber Pine 
Pinus contorta, Pinus flexilis DOC 

 
 

2-5 years Top 5cm of 
mineral soil 

Huber et al 
2004 

Bavarian Forest, 
Germany 

highland spruce  
Soldanello-Picetum 
barbilophoietosum 

DOC  
1-2 years and 1-4 

years 
Throughfall and 

humus efflux 

Kana et al 
2012 

Bohemian Forest, 
Czech Republic 

Norway Spruce 
Picea Abies Soluble 

reactive P 
 

2-4 years Top 10 cm of litter 
and organic-rich 
mineral horizon 

Clow et al 
2011 

Grand County  
CO, USA 

Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 

Total P, PO4 
, 

Varying ages Streamwater 
 

 

Rhoades et al 
2013 

Rocky Mtns. 
CO, USA 

Lodgepole Pine 
Pinus contorta NO3 N.S.C.  

Varying ages Streamwater 

Griffin et al 
2012 

Yellowstone 
WY, USA 

Douglas-fir  
Pseudotsuga menziesii NH4, NO3  , 

4-5 years Top 15cm of soil 

Griffin et al 
2012 

Yellowstone 
WY, USA 

Douglas-fir  
Pseudotsuga menziesii N  

4-5 years Gray stage needle 
litter 

Kana et al 
2012 

Bohemian Forest,  
Czech Republic 

Norway Spruce 
Picea Abies 

NH4, 
organic 

bound-N 
 , 

2-4 years Top 10 cm of litter 
and organic-rich 
mineral horizon 

Clow et al 
2011 

Grand County 
CO, USA 

Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 

Total N, 
NO3 

 , N.S.C. 
Varying ages Streamwater 
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Clow et al 
2011 

Grand County 
CO, USA 

Lodgepole, Limber, 
Ponderosa Pine 
P. contorta, P. flexilis, P. ponderosa 

NH4, NO3  , 
1-3 years and 

>3years 
15 cm soil 

Griffin et al 
2011 

Yellowstone 
WY, USA 

Lodgepole Pine 
Pinus contorta N   , 

1-4 years, 30 years Fresh needle litter  

Griffin et al 
2011 

Yellowstone 
WY, USA 

Lodgepole Pine 
Pinus contorta NH4, NO3  , N.S.C. 

1-4 years 15 cm soil  

Morehouse et 
al 2008 

Sierra Ancha 
Experimental Forest,  
AZ, USA 

Ponderosa Pine 
Pinus ponderosa N, NH4 (lab)  ,  

1-3 years Needles and 
mineral soil 

Huber 2005 
 

Bavarian Forest, 
Germany 

highland spruce  
Soldanello-Picetum 
barbilophoietosum 

NO3  
1-5 years Seepage water 

Huber et al 
2004 

Bavarian Forest, 
Germany 

highland spruce  
Soldanello-Picetum 
barbilophoietosum 

NH4, NO3  , 
1-7 years Humus efflux and 

mineral soil 

Tokuchi et al 
2004 

Kiryu experimental 
basin, Japan 

Japanese Red Pine 
Pinus densiflora NO3  , Varying ages Stream water. 

groundwater 
Tokuchi et al 
2004 

Kiryu experimental 
basin, Japan 

Japanese Red Pine 
Pinus densiflora NH4, NO3  ,  Varying ages Mineral soil 

Zimmerman 
et al 2000 

Bavarian Forest, 
Germany 

highland spruce 
Soldanello-Picetum 
barbilophoietosum 

NO3  ,, 
1-4 years Deep soil water, 

groundwater and 
stream water 

Knight et al 
1991 

Medicine Bow Mtns. 
WY, USA 

Lodgepole Pine 
Pinus contorta 

Total N, 
NH4, NO3 

N.S.C. Simulated bark beetle 
attack 

Soil water 

*N.S.C. = No significant change.  The “Increase or Decrease” column is post bark beetle infestation.  “Age of infested stand or tree” is the number 
of years since the tree has been attacked by bark-beetles. (lab) implies increased nutrient concentration due to laboratory incubation.
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infestation but is more frequently seen after large disturbances such as timber harvesting without 

streamside buffers, wind-thrown forests or wildfire (Griffin et al., 2013; Rhoades et al., 2013).    

Along with compensatory nitrogen uptake by surviving vegetation, the differences in 

atmospheric N deposition and tree mortality spread over multiple years may be factors 

contributing to varied surface and groundwater nitrate-nitrogen responses post beetle infestation 

(Rhoades et al., 2013). Tokuchi et al. (2004) investigated a Japanese catchment that had recently 

experienced pine wilt disease and was the only study besides Zimmerman et al. (2000) to find 

increased NO3 concentrations in stream water. Both studies saw increased groundwater nitrate 

concentrations as well; however, in the German forest groundwater nitrate concentrations (5-10m 

depth) lagged 2 years behind streamwater nitrate concentrations, while in the Japanese forest 

increases in groundwater nitrate concentrations preceded increases in streamwater nitrate 

concentrations by 2 years. These findings suggest that groundwater may play a large role in the 

long-term transport of NO3, however temporal trends are variable within catchments.  

Unlike the Japanese (Tokuchi et al. 2004) and German studies (Zimmerman et al. 2000), 

two studies in Colorado (Clow et al., 2011; Rhoades et al., 2013) did not find increased NO3 

concentrations in stream water in response to the MPB infestation even though one study (Clow 

et al., 2011) observed larger NO3
 concentrations in soil (15cm depth) under red and grey phase 

trees which would suggest the potential for elevated groundwater and stream water 

concentrations as the infestation progresses through the dieback phases. Clow et al. (2011) did 

find that the fourteen streams sampled during the 2007 runoff season in Grand County, CO, 

exhibited NO3 concentrations that were strongly correlated with the snowmelt hydrograph, 

typical of mountainous watersheds. While they did not detect increases in NO3 at the three study 

sites analyzed for temporal trends, total streamwater N did increase over the study period (2001-

2009), which encompassed the year when most trees were initially infected and was attributed to 

excess litter breakdown or warming temperatures. They also found that percent forest cover 

(which included both dead and alive trees) in the basin was the strongest predictor of stream 

water NO3. Denitrification in groundwater is also feasible, and could mitigate increases in 

nitrogen transport in stream baseflow. 

Tree-scale soil-water ammonium concentrations exhibit a more pronounced, universal 

increasing trend after bark beetle infestation regardless of other compensatory factors present 

with nitrate response. This implies that reduced vegetation uptake of NH4 and increased 
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inorganic N pools due to leaf litter are the primary release mechanisms associated with beetle-

impacted catchments. Griffin et al. (2011, 2012, 2013), Morehouse et al. (2008), Xiong et al. 

(2011) and Kaňa et al. (2012) all investigated soil nitrogen pools after insect outbreak. The 

studies by Griffin et al. (2011, 2012, 2013), Xiong et al. (2011) and Morehouse et al. (2008) 

were all in the United States (in Yellowstone National Park, the Colorado Front Range and 

Arizona, respectively), while the study by Kaňa et al. (2012) was located in the Czech Republic. 

Four of these studies (Morehouse et al., 2008; Griffin et al., 2011; Griffin and Turner, 2012; 

Kaňa et al., 2012) found elevated N concentrations in needle litter, likely due to lack of N 

retranslocation associated with tree mortality. Unlike Huber (2005), only soil NH4, not NO3, was 

shown to significantly increase during the outbreak (Morehouse et al., 2008; Griffin et al., 2011; 

Xiong et al., 2011; Kaňa et al., 2012; Griffin et al., 2013) despite observed increases in net 

mineralization and net nitrification (Griffin et al., 2011). Morehouse (2008) also found higher 

soil NH4 and higher laboratory net nitrification rates from infected stand soils. Thirty years post 

outbreak, N concentrations in needle litter still remained elevated; however, soil N fluxes and 

pools (NO3 and NH4) were not significantly different than in undisturbed stands (Griffin et al., 

2011). 

As results from beetle infested forests in Europe and beetle infested forests in western 

North America appear different, it is probable that because coniferous forests of western North 

America receive much less atmospheric N deposition than forests in Europe and eastern North 

America they have a smaller NO3 response following disturbance. Additionally, the climate in 

western North America is more arid than in Germany and Japan, where streamwater N 

concentrations were elevated in infested forests.  It has been shown that locations with greater 

annual precipitation are more sensitive to harvesting practices and exhibit a larger hydrologic 

response and thus, possibly a larger nutrient response (Stednick, 1996). This difference between 

watersheds in humid and arid regions is consistent with the finding that stream water N 

differences between developed and undeveloped watersheds were smaller in arid regions (Clark 

et al., 2000; Adams et al., 2011). 

The magnitude of observed changes in nitrogen cycling associated with bark beetle 

outbreaks varies among literature studies. Bark beetle outbreaks will likely cause increased NH4 

in the soil beneath dead trees due to increased mineralization of elevated organic nitrogen inputs 

from leaf litter, and reduced NH4 uptake by trees. Nitrate has also been found to increase in soil 
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beneath bark beetle killed trees; however, it appears more likely under trees located in forests 

that receive higher atmospheric nitrogen deposition and in deeper soil horizons. Whether or not 

increased NO3 or NH4
 concentrations reach the stream water remains uncertain. Depending on 

the hydrologic flow-paths of the catchment, surviving understory vegetation and vegetation 

regrowth, atmospheric N inputs, N pools and sinks, and potential denitrification in underlying 

deeper soils and aquifers, it is possible that bark beetle outbreaks will not affect N concentrations 

in surface waters, although the mechanisms controlling timing of N transport (i.e. hydrologic 

flow paths) need further elucidation.  

2.3.2 Phosphorus 

Phosphorus (P) flux, either in the form of dissolved phosphate or particulate P, has the 

potential to be altered after a bark beetle attack because phosphate is readily released from 

decaying organic matter. Many studies have researched phosphorus changes after forest clear-

cutting (eg. Piirainen et al., 2004; Pike et al., 2010) and found increased inorganic phosphorus 

loading in soils beneath cut forests. The only published study to investigate phosphorus loading 

in soils after bark beetle attack (Kaňa et al., 2012) found only slight increases in total P 

concentrations despite large increases in the P input via litterfall in a Czech Republic spruce 

forest. However, the soluble reactive fraction of the total P increased by over 5 times the original 

concentration which has implications for enhanced P transport to nearby lakes and streams. 

Complementing these findings in soils, two Colorado studies investigated stream water P 

concentrations post beetle attack. Clow et al. (2011) found that while total P in stream water 

increased in conjunction with beetle attack, the dissolved phosphate fraction decreased. The 

drought conditions during the early record period may explain the decrease in dissolved 

phosphate observed by Clow et al. (2011). Stednick et al. (2010) found that both dissolved and 

particulate phosphorus increased in beetle-killed areas. Increases in particulate P could be 

indicative of 1) the conversion of dissolved nutrients to particulate form by benthic algae due to 

warming temperatures and increased productivity or 2) an increase in particulate fluxes to 

surface waters due to increased erosion. It would be insightful to determine if major water 

quality concerns arise from increases in particulate P loading following outbreaks due to 

enhanced erosion and litter decomposition or increased sub-surface transport of dissolved P from 

changing hydrologic pathways or the altered composition. Distinguishing this trend may be 

challenging as many mountain watersheds have experienced significant population growth 
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during the MPB infestations and increased development may also result in higher dissolved and 

particulate phosphorus loading to streams (Geza et al., 2010) 

2.3.3 Dissolved Organic Carbon 

Dissolved organic carbon (DOC) is ubiquitous in surface and groundwaters and 

originates from both allochthonous and autochthonous sources. Typically, spring runoff in 

mountainous watersheds flushes accumulated dissolved organic matter into surface waters 

(Boyer et al., 1997). In general, soil-DOC originates from litter leachates, root exudates and 

microbial degradation (Zsolnay, 1996). Bark beetle infestations have the potential to influence 

DOC concentrations as decreases in canopy cover can increase runoff rates, and excess needle 

loss onto the forest floor, compounded by increased soil moisture and warmer soil temperatures, 

leads to increased decomposition and soil organic matter leaching. However, the increase in 

DOC to the soil matrix may be delayed due to the termination of rhizodeposition and 

mycorrhizal turnover in dead trees (i.e. chemical cycling associated with roots and related fungi), 

which are major contributors to DOC in soil water (Hšgberg and Hšgberg, 2002; Godbold et al., 

2006).  

Studies of DOC in soils associated with infected trees suggest competing processes 

between litter decay and root exudates. Xiong et al. (2011), analyzed soil DOC in the top 5 cm of 

mineral soil below the organic horizon of living and attacked trees that had not yet dropped their 

needles. They observed lower DOC below dead trees than live trees, which is consistent with the 

termination of rhizodeposition and mycorrhizal turnover. However, long-term analysis of soil 

DOC was not reported at this site to determine if DOC concentrations eventually rebound as 

litter decay increases. In a complimentary study, Kana et al. (2012) found increased soil DOC 

concentrations in both the litter layer and the organic-rich mineral horizon 3 years after beetle 

attack. They hypothesized that increased mineralization due to the increased litter input to the 

forest floor resulted in an increase in DOC concentrations. It appears that increasing DOC 

concentrations, at least in the soil, lag behind the initial beetle attack by several years due to: (1) 

the immediate cessation of root processes (2) the time delay until the needles drop to the forest 

floor and continue the decomposition process. 

Huber et al. (2004) compared DOC fluxes in beetle-killed stands versus healthy stands; 

however, their studies were limited to throughfall and the humus layer and did not extend into 

the soil mineral horizons. These authors found that DOC concentrations in throughfall were 
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highest in recently killed stands (1-2 years after attack); however, their comparison was limited 

to adjacent stands of varying ages since attack, rather than temporally sampling a particular stand 

through the die-off phases. Higher DOC concentrations were also found in the humus efflux of 

recently attacked stands (1-4 years after attack) relative to healthy stands, with concentrations 

ranging from 25 mg/L to 225 mg/L. 

Similar to observations for nitrate, Colorado increases in stream water DOC in response 

to the bark beetle outbreak were not seen in the study by Clow et al. (2011); however, typical 

seasonal fluctuations were observed. Classic watershed characteristics such as percent forest 

cover, precipitation and basin area were more highly correlated to DOC concentrations than 

percent of forest killed by bark beetles. On the other hand, in a complementary study, Mikkelson 

et al. (2013b) found approximately four times the amount of total organic carbon (TOC) entering 

Colorado water treatment facilities that receive their source water from MPB-infested watersheds 

as compared to control watersheds. However, although the TOC concentrations were shown to 

increase in conjunction with the level of bark beetle infestation at impacted facilities, this 

increase was not statistically significant. In light of the varied findings on surface water DOC 

concentrations we need a better understanding of near-surface and subsurface reactive transport 

mechanisms for DOC, along with the dominant hydrologic flow paths. 

The ultimate impact of beetle outbreaks on DOC concentrations in adjacent waters is still 

unclear. However, if DOC concentrations increase or change in chemical composition (i.e. 

increased aromaticity), a water-treatment concern is the increased potential for the formation of 

disinfection byproducts (DBPs), which are regulated in drinking water and considered harmful to 

human health. DBPs are formed when DOC reacts with chlorine during water treatment. Humic-

like substances typically found in dissolved organic matter have been found to be common DBP 

precursors (i.e. likely to form toxic DBPs after chlorination) (Nikolaou and Lekkas, 2001) and 

therefore, even without increases in DOC there may be increases in DBP concentration as the 

DOC composition becomes more humic in nature. Beggs and Summers (Beggs and Summers, 

2011) characterized litter DOC from varying stages of attacked lodgepole pine trees and 

quantified DOC reactivity with chlorine. They found that fresh litter leachates from beetle-killed 

trees exhibited concentrations within typical coniferous litter ranges and had low proportions of 

aromatic humic dissolved organic material (DOM) relative to the polyphenolics/protein-like 

contribution. However, after two months of biodegradation the litter leachate lost 80% of its 
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DOC while experiencing an 85% increase in SUVA (specific ultraviolet absorption; indicative of 

the aromaticity of the material); all samples also increased their specific humic peak intensities. 

The findings of this study suggest that as the needles drop to the forest floor following attack, 

and the more time they are exposed to weathering and biodegradation, the higher the DBP 

formation potential. 

These mechanistic findings where pine litter leachate becomes more aromatic and humic 

as it degrades were supported observationally in a variety of catchments by Mikkelson et al 

(2013b). Water treatment facilities receiving their source waters from MPB-impacted catchments 

had significantly higher levels of DBPs, such as trihalomethanes (THMs) and haloacetic acids 

(HAAs) after their TOC-rich waters reacted with chlorine. From 2004-2011, THM 

concentrations in impacted water treatment facilities exhibited a significant increasing trend that 

was correlated with time since bark beetle outbreak. Additionally, THM concentrations peaked 

in the late summer and early fall, despite TOC concentrations peaking during spring runoff. This 

seasonal decoupling of THMs and TOC along with a more pronounced temporal increase in 

THM formation than TOC concentration suggests that a higher aromatic and humic fraction, and 

hence alterations in TOC structure, are occurring as a result of infestation.  

In summary, litter decomposition under beetle-attacked trees can increase DOC 

concentration and aromaticity in surface and soil leachates. However, increases may be delayed 

or sequestered in deeper soil layers due to the termination of root exudates, carbon-dependent 

microbial processes and abiotic sorption. It is not yet clear whether surface water DOC will 

universally increase due to bark beetle infestations or whether the characteristics of DOC will be 

altered. Clow et al. (2011) did not observe increases in DOC, which could be due to delayed 

release of DOC, or the catchment could have other characteristics mitigating the release. 

Conversely, the study by Mikkelson et al. (2013c) saw a small increase in TOC concentrations 

after bark beetle infestation and more compelling evidence for changes in its refractory nature. 

One potential explanation is that Mikkelson et al. (2013c) considered multiple watersheds and 

included both surface and groundwaters, while Clow et al. (2011) only sampled surface waters in 

one watershed. It is possible that groundwater transport is important for understanding the link 

between bark beetle outbreaks and DOC transport. Interesting opportunities for future work 

include determining if the primary transport pathway of bark beetle induced DOC release is via 

leaching through the soil layers into the groundwater or increased runoff transporting terrestrial 
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organic carbon to surface waters. It is also imperative to further understand how the 

characteristics of the DOC are changing and how it is expressed both temporally and spatially. 

This shift has higher DBP formation potential, human health risk and water treatment 

ramifications in beetle-infested watersheds.  

2.3.4 Metals and Base Cations 

Bark beetle infestations may alter cation and aluminum fluxes as increased nitrification 

reduces the soil pH and leads to the exchange and loss of base cations (Ca2+, K+ and Mg2+) and 

aluminum from the soil (Huber et al., 2004; Tokuchi et al., 2004). Aluminum concentrations in 

seepage water have been shown to increase post attack and correlate with NO3 concentrations 

(Zimmermann et al., 2000; Huber et al., 2004; Tokuchi et al., 2004) as the negatively charged 

NO3 colloid attracts the positively charged aluminum ions. Mineral soil (Huber et al., 2004) and 

surface water concentrations (Tokuchi et al., 2004) of base cations have also been shown to 

increase for up to 7 years post attack. It seems likely that if there is an increased NO3 flux after 

bark beetle infestation it will lead to base cation or aluminum leaching, as determined by the soil 

geochemistry and initial metal content within the soil.  

While Kana et al. (2012) did not measure soil-water concentrations, they did find 

elevated base cation concentrations in the soil below attacked trees in a Czech Republic forest. 

K+ concentrations responded immediately, indicative of the rapid release of K+ from decaying 

spruce residues or lack of K+ uptake from vegetation, followed by a slower increase in Ca2+. The 

drastic increase in base cations caused replacement of Al3+ and H+ ions in the soil sorption 

complex, leading to a higher soil pH after beetle infestation despite acidic needle drop. It appears 

with the increasing soil pH and base saturation that the quality of soils in the Czech Republic 

catchment increased post-beetle infestation as compared to before the infestation; however, the 

increased mobility of other cationic metals such as Cu, Zn, and Cd which were not investigated 

in these studies may lead to detrimental water quality impacts.    

Literature regarding changes in transport of other metals (besides aluminum) following 

bark beetle infestation is limited. Complimentary studies investigating the effect of land use 

change (agricultural versus forest) on metal mobility have found up to 80% of the measured Zn 

and Cd levels to be above current ground water quality standards after forest soil acidification 

(Romkens and Salomons, 1998). The effects on metal flux are complex due to intertwined 

processes such as ligand affinity and aqueous solubility as a function of pH. DOC is known to 
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form complexes with metals such as cadmium, copper, nickel and zinc (eg. Christensen et al., 

1996; Antoniadis and Alloway, 2002), thus increasing their mobility. Accordingly, it is possible 

that metal mobility could be increased by complexation with DOC resulting from large-scale tree 

die-off and an initial rapid loss of carbon from the soil (Xiong et al., 2011) followed by 

prolonged release into the adjacent water supplies (Huber et al., 2004; Mikkelson et al., 2013b). 

If DOC-metal complexation is the primary mechanism for metal transport in the watershed, then 

it is important to also take into consideration hydrologic controls on DOC release. If the infested 

watersheds exhibit a typical seasonal peak release of DOC (approximately one month prior to 

peak stream discharge) (eg. Hornberger et al., 1994), then peak metal concentrations can be 

expected around a similar seasonal timeframe. However, as it is still unknown which dominant 

DOC transport pathways are altered post beetle infestation, it is possible that the typical 

hydrologic controls on DOC release will change. Therefore, pre-infestation watershed 

characteristics such as soil metal concentrations and dominant hydrologic flow paths are critical 

in determining watershed response. It has also been shown that in waters receiving little urban 

input (i.e. waters from forested catchments), aromatic humic substances are the dominant metal 

chelators (Baken et al., 2011). If bark beetle infestations increase the aromaticity of DOC, 

particularly in low flow months, as suggested by field data presented by Mikkelson et al. 

(2013c), and discussed above, then metal transport via DOC complexation could be enhanced, 

especially in low flow months.     

Along with DOC complexation, pH is well known to influence metal mobility (Gabler, 

1997; Romkens and Salomons, 1998; Sauve et al., 2000) where lower pH generally increases 

solubility, desorption rates from soil, and thus mobility. Acidification is possible following forest 

die-off due to increased nitrification (Helie et al., 2005) and an increased acidic needle pulse to 

the forest floor and therefore could lead to increased cationic metal solubility. Conversely, 

increases in pH as was observed in Kana et al. (2012) and Xiong et al. (2011) potentially could 

increase metal mobility as the solubility of DOC increases with increasing pH (Guggenberger et 

al., 1994a) and DOC is more readily available for complexation. Although there is no literature 

that addresses metal-mobility impacts of the bark beetle infestation, it is important to determine 

if metal mobility will be altered because of the potential impacts on ecological health as well as 

possible complications in municipal water treatment and drinking water quality. Research needs 

to begin with stand-scale observations of soil-water metal concentrations and expand out to 
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watershed and regional-scale observations of surface and groundwater metal concentrations over 

the entire beetle infestation progression as other land use changes with similar biogeochemical 

phenomena (eg. Romkens and Salomons, 1998) have resulted in large differences in metal 

mobility  

2.4 Summary and Synthesis 

Coupled hydrologic and biogeochemical processes resulting from bark beetle outbreaks 

have the potential to alter water quality and quantity; however impacts on water supply and 

ecological ramifications are not yet fully understood. From a critical analysis of the current 

literature, the following hydrologic generalizations can be made about bark beetle infested 

forests: 

• While the magnitude of the shift appears variable, snow depth will increase in infected 

catchments. 

• Changes in evapotranspiration are more variable and may be offset by competing 

components, such as decreased transpiration but increased ground evaporation.  

• Soil moisture increases are probable, although seasonal fluctuations may be influential in 

determining overall increases. 

• Stand-scale water yield will increase; however, confounding factors such as percent 

infested, evaporation rates, and climate make predicting changes in water yield difficult 

on a watershed or regional scale. 

These hydrologic shifts combined with other beetle-induced impacts will in turn affect 

terrestrial biogeochemistry with potential adverse impacts on nutrient cycling and water quality. 

While these effects appear to have regional variability linked to factors such as soil type and 

precipitation, some possible trends are: 

• A lag in time between initial infestation and observance of concentration changes exists 

for most nutrient responses; however, this time-scale lag differs depending on nutrient 

and watershed characteristics. 

• Nitrate soil response will be dependent on atmospheric N-deposition and climatic factors. 

• Ammonium is likely to increase in soil beneath dead trees due to increased mineralization 

or organic matter and cessation of nutrient uptake through the roots of dead trees. 
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• Changes in stream water NO3 and NH4
 concentrations depend on catchment hydrologic 

flow-paths, atmospheric N inputs, N pools and sinks and potential denitrification in 

underlying soils, aquifers and riparian zones. 

• Increases in nitrate will be coupled to increased aluminum transport in seepage and soil 

waters. 

• Changes to the composition of total P (dissolved vs. particulate) are probable, although 

the actual concentrations of P may not increase. 

• Soil DOC initially decreases due to cessation of root exudate processes until needle drop 

where decomposition rebounds soil DOC concentrations. 

• There is a potential for increases in both DOC concentration and refractory properties in 

stream and groundwaters. 

As a result of competing hydrologic processes and the inherent variability of natural 

watershed characteristics and infestations, coupled and indirect water resource effects related to 

beetle infestation are difficult to predict. It is still necessary to distil the essential climatic, 

watershed, forest stand, and beetle attack variables that impact overall water supply to support 

predictive understanding and models for future water management that work across different 

scales of distance and time.  

In addition, detailed studies investigating the impact of watershed flow paths and 

residence times after a beetle infestation are needed to better understand the link between water 

quantity and water quality alterations (eg. Romkens and Salomons, 1998) and determine the 

length of time during which a catchment response to beetle infestations might be expected. If 

beetle infested watersheds exhibit fractal scaling then the watersheds have the potential to retain 

a long memory of past inputs (eg. Kirchner et al., 2000; Kollet and Maxwell, 2008), extending 

the impact of the bark beetle infestation well beyond what was initially anticipated. Conversely, 

if beetle epidemics increase preferential flow through the soil in response to increased snowmelt, 

spatial variability in snowmelt processes, and changes to melt timing, then significant buffering 

may not occur, and we should expect to see more dramatic changes in surface water composition 

(Godsey et al., 2010). However matrix flow is known to often provide significant buffering to 

rapid changes (Frisbee et al., 2012), which could explain why streamflow alterations post beetle 

infestation are only observed within certain watersheds. Beetle kill results in temporal and spatial 

heterogeneity in several hydrologic processes, and this heterogeneity can play a large role in 
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watershed response. Whether or not a catchment delivers a rapid, concentrated pulse of released 

nutrients, DOC, and metals to surface waters or a less concentrated but prolonged pulse depends 

upon a specific catchmentÕs residence time and dilution capacity, which may or may not mitigate 

the beetle infestation impacts. Further research is needed to understand the transport and 

buffering mechanisms that may offset potential water quality effects in infested watersheds. 

The potential for perturbations to nutrient cycling, and metal speciation and mobility are 

unclear, though recent research suggests that shifts may impact downstream ecological and 

municipal water quality (Frisbee et al., 2012). Research agrees that alterations to N and DOC 

cycling will occur at the tree-scale (Table 2.2), although compilations of large-scale responses 

are uncertain and still emerging in the literature. A better understanding of outcomes requires 

field evidence as well as a better mechanistic understanding of these integrated and sometimes 

competing processes, as it has been argued that insect infestations have the potential to affect C 

cycling on a regional scale (Mikkelson et al., 2013b). This understanding can then be 

complimented by model development and validation to further explore the potential severity and 

duration of the impacts of bark beetle infestations on water quality in order to plan and mitigate 

for potentially adverse outcomes. Timing and transport are additional variables where a strong 

integration and understanding of traditional hydrological approaches will play an important role 

in better understanding biogeochemical ramifications. Understanding these water quality and 

supply alterations is particularly important, as climate change continues to increase the range and 

severity of insect infestations in coniferous forests throughout the world. 
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Abstract 

The mountain pine beetle (MPB) epidemic in western North America is generating 

growing concern associated with aesthetics, ecology, and forest and water resources.  Given the 

substantial acreage of prematurely dying forests within Colorado and Wyoming (~2 million acres 

in 2008), MPB infestations have the potential to significantly alter forest canopy, impacting 

several aspects of the local water and land-energy cycle.  Hydrologic processes that may be 

influenced include canopy interception of precipitation and radiation, snow accumulation, melt 
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and sublimation, soil infiltration and evapotranspiration.  To investigate the changing hydrologic 

and energy regimes associated with MPB infestations we used an integrated hydrologic model 

coupled with a land surface model to incorporate physical processes related to energy at the land 

surface. This platform was used to model hillslope-scale hydrology and land-energy changes 

throughout the phases of MPB infestation through modification of the physical parameterization 

that accounts for alteration of stomatal resistance and leaf area indices.  Our results demonstrate 

that MPB infested watersheds will experience a decrease in evapotranspiration, an increase in 

snow accumulation accompanied by earlier and faster snowmelt and associated increases in 

runoff volume and timing.  Impacts are similar to those projected under climate change, yet with 

a systematically higher snowpack.  These results have implications for water resource 

management due to higher tendencies for flooding in the spring and drought in the summer.  

3.1 Introduction  

The mountain pine beetle (Dendroctonus ponderosae, MPB) epidemic in Western North 

America presents challenging forestry and water resource problems. Outbreaks of MPB have 

been historically endemic and result in about 2% tree mortality in affected watersheds.  

However, recent outbreaks have affected an unprecedented quantity of trees in the Rocky 

Mountain West and are resulting in close to 100% tree mortality (Samman and Logan, 2000; 

Logan et al., 2003; Taylor et al., 2006).  Because infestation is common in major watersheds in 

the semi-arid West, the impact of the MPB on water quality and quantity are of great concern.   

High tree mortality rates of recent MPB infestations will induce significant changes in 

forest canopy, which in turn may impact several aspects of the local water and energy cycle.  

Previous research has shown that alterations in the canopy can have considerable impacts on the 

water balance including canopy interception of precipitation and solar radiation (Barry et al., 

1990; Hardy et al., 1997; Bales et al., 2006; Rinehart et al., 2008); canopy wind speed 

(Yamazaki and Kondo, 1992; Wigmosta et al., 1994; Gelfan et al., 2004); snow accumulation, 

snow-melt, sublimation, and evapotranspiration (ET) (Hardy et al., 1997; Hedstrom and 

Pomeroy, 1998; Pomeroy et al., 2002; Musselman, 2006). Changes in canopy cover and forest 

structure due to MPB infestations have the potential to result in more rapid snowmelt and drier 

soil in the summer. Impacts on snow processes are particularly important because in many areas 

susceptible to MPB, the dominant source of surface, soil and ground water is snowmelt (Barnett 

et al., 2005). Annual water yields and peakflows have been shown to increase following insect 
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infestations (Bethlahmy, 1974; Potts, 2007), which can lead to increased particulate transport. 

Decreases in forest canopy will also result in decreased transpiration due to widespread tree die 

off, and thus reduce soil water/groundwater uptake and potentially increase groundwater 

recharge (MacDonald and Stednick, 2003).  

Field studies have recently begun to investigate the changing hydrologic regime due to 

widespread tree mortality caused by MPB, and it is therefore imperative that we begin to model 

the changing subsurface and land-atmosphere fluxes to gain a better understanding of the 

phenomenon to guide observations and inform water and forest managers.  Integrated 

hydrological models are an essential tool to understand the relationships between groundwater, 

surface water and land-energy feedbacks and hence compliment and focus field observations 

(Maxwell and Kollet, 2008; Kumar et al., 2009; Therrien et al., 2009; Ferguson and Maxwell, 

2010; Leung et al., 2010; Sulis et al., 2010; Ferguson and Maxwell, 2011; Ferguson et al., 2011). 

 The goal of this study was to investigate how the surface energy balance and hydrologic 

regime would change throughout the course of a MPB infestation.  Previous studies (not related 

to the MPB) have used integrated hydrologic models to look at the feedbacks between the 

hydrologic and the land-energy cycles under climate change (Wilby et al., 2006; Maxwell and 

Kollet, 2008; Brookfield et al., 2010; Ferguson and Maxwell, 2010) to gain insight into how the 

two influence each other.  Here we extend the idea that feedbacks between the local water and 

land-energy cycles are important by perturbing land-cover to represent an insect infestation of 

epidemic proportions.   

3.2 Methods 

In this study we used the integrated hydrologic model, ParFlow, to study the MPB-

induced perturbations in plant processes on the complete, coupled, terrestrial water and energy 

balances in a forested Rocky Mountain watershed.  In the configuration used here, ParFlow 

simulates three-dimensional, variably-saturated groundwater flow and fully-integrated overland 

flow; subsurface and overland flow equations are solved simultaneously, allowing non-linear 

feedbacks between the surface and subsurface flows (Kollet and Maxwell, 2006; Sulis et al., 

2010).  ParFlow was coupled to the Common Land Model (CLM) (Dai et al., 2003; Maxwell and 

Miller, 2005) which calculates the water and energy fluxes at the land surface including 

evaporation from the canopy and ground surface, transpiration from vegetation, ground heat flux, 

and snow water equivalent (SWE).  CLM is forced with atmospheric data such as precipitation, 
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solar radiation, wind, temperature, humidity and pressure.  Complete details on the equations 

coupled in CLM and ParFlow can be found in the literature (Maxwell and Miller, 2005; Maxwell 

and Kollet, 2008; Kollet et al., 2009) and a summary of the relevant equations can be found in 

section 2.3. 

3.2.1 Coupled Numerical Model: Summary of Processes 

ParFlow solves the variably-saturated Richards equation in three spatial dimensions 

coupled to the kinematic wave equation for overland flow to determine the change in surface and 

subsurface water storage.  This formulation allows for physically-based runoff generation, 

topographic flow and a spatially variable water table that can interact with the land surface.  In 

CLM, ET is the combination of ground evaporation, canopy evaporation (from wetted stems and 

leaves) and transpiration. Transpiration depends non-linearly on solar radiation, via the light 

response of stomata and can therefore be controlled by the stomatal resistance, which is directly 

adopted in CLM from the Land Surface Model (Bonan, 1996).  The leaf area index (LAI) of the 

watershed is also an important part of the ET equations as it determines the amount of incoming 

radiation and precipitation reaching the forest floor.  Precipitation is either intercepted by foliage 

or directly falls to the ground when the maximum water capacity of the canopy is reached 

(adopted from the Biosphere-Atmosphere Transfer Scheme (Dickinson et al., 1993)).  All the 

hydrology in CLM used to calculate soil moisture, infiltration and runoff is replaced by the 

values in ParFlow and ET calculated from CLM is transferred to ParFlow; ParFlow, in turn, 

provides CLM with subsurface pressure head and saturations to limit soil moisture and modify 

soil heat transfer properties.   

3.2.2 Coupled Numerical Model: Summary of Equations 

While complete details of the solution approach that ParFlow uses to solve for coupled 

surfaceÐsubsurface flow are given in (Jones and Woodward, 2001; Kollet and Maxwell, 2006) a 

brief summary of the equations is presented here. Fundamentally, ParFlow solves the Richards 

equation for variably saturated flow in three spatial dimensions given as 

€ 

SsSw

∂h
∂t

+φ
∂Sw(h)
∂t

=∇⋅ q+qr (x,z)
      (1) 

where 

q = ! Ks(x)kr (h)"# (h! z)        (2) 
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In these expressions, h is the pressure head [unit is defined as length (L)], z is the vertical 

coordinate (L), Ks(x) is the saturated hydraulic conductivity tensor (length per unit time), kr is the 

relative permeability (-), Ss is the specific storage coefficient (L-1), 

€ 

φ  is the porosity (-), Sw is the 

relative saturation (-), and qr is a general source–sink term that represents transpiration, wells, 

and other fluxes (length per unit time). The specific volumetric (Darcy) flux is denoted by q 

(length per unit time). 

Overland flow is represented in ParFlow by the two- dimensional kinematic wave 

equation included as the overland flow boundary condition resulting from application of 

continuity conditions for pressure and flux (Kollet and Maxwell, 2006): 

!  

k" [#Ks(x)kr " $ (h # z)] =
%h,0

%t
# $" h,0 &sw ± qr (x)   (3) 

where 

€ 

ν sw is the two-dimensional, depth-averaged surface water velocity (length per unit 

time); h is the surface ponding depth (L), if h > 0; qr(x) is a general source– sink (e.g., rainfall, 

ET) rate (length per unit time); and k is the unit vector in the vertical. Note that 

!  

h,0  indicates 

the greater value of the two quantities, that the lhs of Eq. (3) represents vertical fluxes (e.g., in–

exfiltration) across the land surface boundary and that the overland flow condition assumes that 

pressure h represents both surface pressure and the ponding depth at the ground surface under 

saturated conditions (Kollet and Maxwell, 2006). Equation (3) represents the connection between 

surface and subsurface flow processes.  

The primary equations used to represent evapotranspiration and interception in CLM are 

summarized below.  A more comprehensive description of CLM and the equations used can be 

found in Dai et al., 2003.  Total ET is taken as the sum of evaporation from bare ground Eg, 

evaporation from vegetation Ew (i.e., direct evaporation from wetted foliage), and plant 

transpiration Etr.   

The maximum transpiration, Etrmax is given by 

!  

Etr max = (2x10" 4)x# f LAI x$ froot, j wLT, j      (4) 

where froot,j, the root fraction within soil layer j is 

€ 

froot, j =
froot, j wLT , j

f root, j wLT , j∑         (5) 

and wLT is a factor that varies between 0 at the permanent wilting point to 1 at saturation . 
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!  

wLT =
" max #" j

" max #" sat         (6) 

 

!  

" f is the fraction of vegetation excluding the part buried by snow, LAI is the leaf area 

index, and  wLT  is a function of  

€ 

ϕmax,sat, j  the maximum, saturated and soil matrix potential at 

layer j. 

When transpiration is not at a maximum, Etr is defined by  

!  

Etr = " f LSAI#(Ef
pot)Ld

rb

rh + rs

E f
pot $ Etr max

     (7) 

ET is now also a function of LSAI (the stem plus leaf area index), 

!  

" (Ef
pot) which is a step 

function and is equal to one for a positive Ef
pot (the potential ET) where 

€ 

E f
pot = ρarb

−1(qf
sat − qaf )        (8) 

and zero when Ef
pot is zero or negative.  ! a is the density of air, qf

sat is the saturated 

specific humidity and qaf is the air specific humidity within the canopy space.  Ld is the dry 

fraction of the foliage surface where 

 

!  

Ld = (1" L'w )LAI /LSAI         (9)  

and 

!  

L'W = (wdew /wdmax )
2 / 3

        (10) 

rb and rs  the leaf boundary and stomatal resistances where rb is defined by 

€ 

rb
−1 = Cf × (Uaf /Df )

1/ 2
       (11) 

where Cf if the coefficient of transfer between the canopy air and underlying ground 

(0.01 m/s1/2), Uaf (the magnitude of the wind velocity incident on the leaves) is 

!  

Uaf = Va CD
1/ 2 = Va

1/ 2 ram
" 1/ 2

       (12) 

 and Df is the characteristic dimension of leaves in the wind direction.  Va is the wind at 

reference height, Cd is the coefficient of drag and ram is the aerodynamic resistance for 

momentum.   

ET is limited by the stomatal resistance, rs, which is inversely related to leaf 

photosynthesis and is defined by: 

!  

1
rs

= m A
cs
es
ei
ps + b

        (13)  
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where m is an empirical parameter, A is leaf photosynthesis, cs is the CO2 concentration 

at the leaf surface, es is the vapor pressure at the leaf surface, ei is the saturation vapor pressure in 

side the leaf at the vegetation temperature, ps is the atmospheric pressure and b is the minimum 

stomatal conductance (2000 umol m-2s-1). 

Evaporation from bare ground Eg and vegetation Ew are calculated by Equations 14 and 

15, respectively:  

!  

Eg = " a

qg # qa( )
rd         (14) 

 

!  

Ew = " f LSAI 1#$ Ef
pot( ) 1# L

~
w

% 
& 
'  

( 
) 
* 

+ 

,  - 
.  

/  0 Ef
pot

     (15) 

where qg is the air specific humidity at the ground surface [kg/kg]; qa is the specific 

humidity at reference height zq, obtained from the prescribed atmospheric forcing [kg/kg]; and rd 

is the aerodynamic resistance of evaporation between the ground surface and canopy air, 

computed based on Monin-Obukhov similarity theory; 

!  

L
~

w is the wetted fraction of the canopy [-

]. 

Precipitation arriving at the top of the canopy is either intercepted by foliage, or directly 

falls through the gaps of leaves to the ground.  In CLM the rate of direct through-fall is 

proportional to P, the rate of precipitation (mm/s) and is given by: 

!  

Dd =[" f exp(#0.5LSAI )]P        (16) 

and the maximum water capacity of the canopy is given by: 

 

!  

wdmax = 0.1mm(" f LSAI)       (17) 

where the maximum storage of solid water is assumed to be the same as that of liquid 

water. 

The land energy budget includes conduction of heat through both soil and snow layers.  

The snow-pack in CLM is modeled with up to five layers depending upon total snow depth.  

Three mechanisms are used for changing snow characteristics: destructive, overburden, and melt 

and snow albedo decays over time due to accumulation of dirt and growth of snow grain size.  

Previous simulations show the snow model compares well with observations of SWE and the 

land-energy model with ground temperature (Maxwell and Miller, 2005).   
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3.2.3 Problem Domain and Setup  

Figure 3.1 shows the physical processes in our simulated hillslope.  In our simulations the 

water table begins three meters below the ground surface on the left side of the domain and 

meets the ground surface on the right side of the domain.  Bedrock is assumed to be 12.5m below 

the ground surface and is a no flow boundary.  Once water reaches the confines of the domain as 

either subsurface lateral flow or overland flow, it crosses the boundary and is no longer 

considered to be part of the domain, leading to subsurface storage losses or gains depending on 

the scenario. 

 

 

This hillslope-scale study was simulated with a hypothetical domain, 500m (x-direction) 

by 1000m (y-direction) by 12.5m (z-direction).  The domain was discretized using Δx=100m, 

Δy=200m and Δz = 0.5m.  Three different simulations were run with topographic slopes of 0.01, 

0.08 and 0.15 m/m (Figure 3.1) that were selected to represent the topography found both in 

!

Figure 3.1 Displays the governing processes in the three simulated watersheds. Arrow lengths indicate 
flux magnitudes.  P is precipitation, ET is evapotranspiration, O is overland flow, and I is infiltration.     
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high-elevation, mountainous, MPB-infested watersheds in the Rocky Mountain West, along with 

the flatter MPB-infested watersheds found in southern Wyoming.  The saturated hydraulic 

conductivity was set to 0.1 m/hr.  Porosity and vanGenuchten parameters were assigned for the 

watershed.  Porosity was held constant throughout at 0.390 (-) and the van Genuchten parameters 

were set as follows: α = 3.5 (1/m), n = 2 and Sres = 0.01 to represent an idealized, relatively fast 

draining, sandy clay loam soil.  Soils in mountain hillslopes are of course very heterogeneous 

with great uncertainty about both point values and spatial distribution.  The assumption of 

homogeneity invoked here is used to isolate the impacts of land-cover changes on the hydrology 

of the system, while minimizing other confounding signals.  Approaches that directly include 

heterogeneity at the hillslope scale (Rihani et al., 2010; Atchley and Maxwell, 2011) are beyond 

the scope of this current study and are excellent topics for future work.   

Hourly meteorological forcings were taken from the North American Land Data 

Assimilation System (NLDAS), forcing dataset (Cosgrove et al., 2003) for the 2008 water year 

(September 1st 2007 to August 31st, 2008) at Pennsylvania Gulch, Blue River, Colorado.  The 

climate during 2008 was typical of an average year for this region by comparing precipitation to 

seasonal averages and therefore a good representation of what a climatological weather pattern 

will be in the Rocky Mountains yet still including high-frequency (hourly) variability.  The 

model was run for each phase for three years, re-running the 2008 meteorological data for each 

year, to minimize the influence of initial conditions (but not running the model to equilibrium) 

on simulated results with results focusing on the third year.   

In the model simulations we defined the process of mortality in an affected tree to have 

four distinct phases: (1) green phase: the tree is alive and transpiring, (2) red phase: the tree has 

been attacked and has ceased transpiring and interception has slightly decreased, (3) grey phase: 

the tree is dead, has no remaining needles, transpiration has ceased, and interception is 

significantly decreased and (4) dieback phase: the tree has fallen to the ground and begun 

decomposing as new vegetation begins to take its place.  During an actual MPB infestation the 

vegetation distribution throughout the four phases is likely to be heterogeneous, however, for the 

sake of simplicity and to understand the magnitudes of difference in the hydrologic and energy 

regimes between each phase, we are assuming a homogeneous distribution of vegetation during 

each phase. 
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The hydrologic and land-energy impacts of each of the four phases of MPB infestation 

were simulated by perturbing two vegetative parameters: stomatal resistance and leaf area index.  

Table 3.1 shows how we defined each phase of MPB infestation, along with its corresponding 

land surface classification, maximum and minimum LAI (depending on season, recall that LAI is 

dynamically calculated in CLM) and the minimum stomatal conductance.  When the MPB 

infects a stand of trees, it introduces a blue-stain fungi (Ceratostomella montia and Europhium 

clavigerum) that essentially clogs the xylem and phloem tubes (Amman, 1978).  This renders the 

tree unable take up water and nutrients from its roots.  Stomatal resistance was manipulated to 

represent this phenomenon during the red and grey stages of infestation by increasing the 

minimum stomatal conductance until it was maximized and transpiration approached zero.  

During the red and grey phases it is assumed that there is no new undergrowth in the pine stands, 

transpiration approaches zero in the entire watershed and bare-ground evaporation is the only 

energy land-surface flux occurring.  

 

 

3.3 Results and Discussion 

The yearly water balance for each phase of (MPB-induced) tree mortality under three 

different slopes is summarized in Table 3.2.  This table shows that the difference between 

precipitation and ET is a consistent pattern throughout the progression of a MPB infestation for 

each of the three hill slope scale scenarios: as ET decreases for each phase of infestation while 

Phase
Land Surface 
Classificationa

Maximum 
LAI

Minimum 
LAI

Minimum Stomatal 
Conductance (umol m-2s-1)

Green
Evergreen 

Needleleaf Forest 6 5 2000

Red
Evergreen 

Needleleaf Forest 5 4 2.0E+06

Grey
Evergreen 

Needleleaf Forest 1 1 2.0E+06

Dieback Open Shrubland 6 1 2000

Table 3.1 Parameters used in Parflow-CLM for distinguishing the four different MPB phases.   

aMore detailed information on the differences in the land surface classifications can be found in the 
IGBP ((IGBP), 1990). 
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precipitation remains the same. Subsurface storage increases over the year for shallow slopes, 

but decreases over the year for steeper slopes, as more water leaves the domain through either 

 

subsurface lateral flow or overland flow (process shown in Figure 3.1).  Through each phase of 

infestation, the change in storage increases, due to less ET occurring and more water becoming 

available for infiltration.  Total yearly overland flow also increases with infestation progression 

due to decreased interception and enhanced snowmelt. 

Time series of monthly, cumulative ET and overland flow, the change in storage and 

average monthly SWE for each slope scenario and each phase of MPB infestation are shown in 

Figure 3.2.  Row A of this figure depicts a general trend of decreasing ET with advancing phase 

of infestation.  As expected, annual ET is greatest during the summer and lowest during the 

winter.  During the winter months, the green and red phases experience similar values of ET as 

transpiration is low and the snowpack limits ET.  However, during the summer when the green 

phase begins actively transpiring, the differences in ET between it and other phases are 

Phase Slope ! (P-ET) Voverland " S
Green 1 90 23 67
Red 1 182 89 93
Grey 1 234 126 108
Dieback 1 317 187 130

Green 8 124 614 -490
Red 8 209 679 -470
Grey 8 255 711 -456
Dieback 8 353 755 -401

Green 15 130 605 -475
Red 15 213 666 -453
Grey 15 259 696 -437
Dieback 15 356 742 -386

Table 3.2 The domain-integrated water balance for each phase of infestationa. 
!

aVariables are defined as follows: P = precipitation, ET = evapotranspiration, Voverland = overland 
flow and ΔS = change in storage from September 1st, 2007 to August 31st, 2008.  Values are in 
mm and are a yearly total.  
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magnified.  The red and grey phase experience a drastic decrease in ET near July due to summer 

moisture stress, while the green phase ET continues to increase due to transpiration despite the 

drier top surface layer.  Model simulation of ET assumes that in the green phase the trees are 

able to extract water from deep in the subsurface, while in the red/grey phases, bare-soil ET is 

solely dependent on the soil moisture in the top surface layer.   

The same trend in runoff throughout the phases of infestation was observed regardless of 

slope, however, the steeper slopes have a magnified runoff response to snowmelt for the grey 

phase (Figure 3.2, Table 3.2). This can be linked to needle loss, where a greater amount of 

precipitation reaches the forest floor at an increased rate causing an increase in overland flow 

when infiltration capacity is surpassed.  The timing of the peak overland flow is significantly 

earlier in the grey and dieback phases than in the red and green phases due to earlier and faster 

snowmelt.  Higher soil moisture earlier in the spring results in earlier onset of runoff because 

infiltration capacity is exceeded sooner.  With the highest rate of snowmelt, the grey and dieback 

phases also have the largest increase in subsurface storage during the spring melt.  The 

differences in overland flow and subsurface storage are more exaggerated between the phases in 

shallower slopes due to land cover being more influential than slope in determining runoff rates. 

The monthly snowpack changes were consistent for all slopes as illustrated in Figure 2D.  

In these plots we see two distinct trends as infestation progresses: greater snowpack and a shorter 

snow season.  Greater snow accumulation associated with needle loss can be explained by 

decreases in canopy interception of precipitation.  In CLM, changes in slope do not result in 

aspect changes that are large enough to cause any differences in SWE.  Essentially, CLM 

handles aspect by a consistently facing slope for all cases.  However, in an actual mountainous 

watershed the slope-aspect ratio would cause differences in SWE.  The canopy is able to hold a 

specific amount of snow for each storm that then melts at a faster rate than through-fall snow due 

to lower albedo in the canopy than on the snow-covered ground. Despite increased snow 

accumulation for individual storms, this does not always ensure a greater snowpack in domains 

without needles because increased radiation penetration through the canopy causes earlier and 

faster snowmelt.  This phenomenon is seen during both periods of transition, fall and spring, in 

association with the snow season.
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!
Figure 3.2 The complete water balance and average monthly SWE for the four phases of infestation at 1%, 8% and 15% slopes.  Row A is total 
monthly ET, row B is total monthly overland flow, row C is the change in storage from the beginning of that month to the end of that month and 
row D is the monthly average SWE.  Values are all in mm.   
!
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Surface saturation increases through each phase of infestation, but the differences are 

most apparent during times of moisture stress (Figure 3.3).  In steeper watersheds the difference 

in surface saturation is not as drastic because soils are drier due to increased baseflow runoff and 

subsequent drainage of shallow soils.  Saturation also drives many of the other hydrologic 

processes.  For example, during November, ET decreases in the red and green phases partly due 

to the dry top surface layer (Figures 3.2A and 3.3) with a minimum in mid-winter months.  In the 

1% slope case the dieback phaseÕs ET is able to rebound in the summer months, surpassing the 

grey phase ET.  This is not seen for the steeper slopes and is due to the fact that the shallow, 

surface soil moisture is higher for the 1% slope (Figure 3.3A) than for the other two slopes 

allowing more ET to occur in the dieback phase. This relationship between dieback rebound and 

slope exists because the deeper roots of the phreatophytic lodgepole pine are able to access 

groundwater while the shrub vegetation cannot.  The shrub vegetation used in the dieback phase 

has roots that extend less than 3.1m into the subsurface.  For the steeper slopes the water table is 

deeper than 3.1m, thereby limiting the amount of water the plants can transpire.  

For example, when looking at the monthly differences in ET during the late fall, ET does 

not follow the typical yearly pattern (Figure 3.2A): the grey phase exhibits an increase in ET 

!

Figure 3.3 Top layer saturation, averaged hourly over the entire domain for 1% (a), 8% (b) and 15% (c) 
slopes. 

!
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while all the other phases experience a decrease in ET.  To further explore this phenomenon we 

compared the daily average ground temperature, SWE and ET for the green and grey phases 

during a two-month period (Figure 3.4).  Because the land during the grey phase has a small LAI, 

more radiation reaches the ground and warms the surface layers (Figure 3.4A).  The warming of 

the ground causes snow to melt and infiltrate, increasing saturation in the top surface layer 

(Figure 3.3) and contributing to the spike in ET above the other phases during that period (Figure 

3.4C).  Once the ground temperature falls below freezing and snow begins to accumulate in early 

December (indicated by the arrow in Figure 3.4B), ET in the grey phase drops back below the 

green and red phases and the ground temperatures from all phases equilibrate.   

However, the trend mentioned above is not consistent throughout the year.  For example, 

the grey and dieback phases do not initially accumulate as much snow as the red and green 

phases due increased shortwave radiation and higher ground temperatures.  As snow begins to 

accumulate in mid-October, despite the grey phaseÕs reduced snow interception, the red and 

Figure 3.4 Daily average ground temperature, SWE, and ET in the green and grey phases for a 1% slope 
during a two-month period.  The arrows indicate where the ground temperatures in both phases equalize, 
snow begins to accumulate in the grey phase and the grey phaseÕs ET permanently dips below that of the 
green phase.!
!
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green phases accumulate more snow on the forest floor.  Until the snowpack becomes permanent 

the grey phase has a more intermittent snow pack due to increased radiation reaching the forest 

floor and melting the snow. This enhanced melting trend in the grey phase continues until both 

the air and the ground temperatures remain below freezing (seen in Figure 3.4).  At this point, 

snowpack accumulation in the grey phase accelerates and ultimately accumulates more snow 

than its needled counterparts due to the reduced interception of snow.  Overall, the grey and 

dieback phases accumulate more snow than the red and green phases but have a shorter period of 

snow-covered ground, leading to a more magnified runoff response in the spring.  Similar to 

climate change impacts, the infested watersheds will experience a more magnified runoff 

response occurring earlier with more saturated soils and greater groundwater recharge. 

3.4 Summary and Conclusion 

This work uses an integrated hydrologic model to simulate the effects of vegetation 

changes on water and energy fluxes from the ongoing MPB epidemic in the Rocky Mountain 

West using a semi-idealized forested hillslope.  We arrived at three main conclusions relating to 

alterations in the hydrologic and energy budgets in MPB impacted regions: 

 

1. ET decreases as the infestation progresses except for one month in the fall when the 

grey phaseÕs ET increases due to increased ground saturation and evaporation. 

2. Snow accumulation is accelerated and snowmelt occurs earlier as infestation  

progresses, which results in a significantly shorter snow season.  However, peak SWE  

increases as infestation progresses. 

3. As the infestation progresses, the rate of snowmelt increases resulting in increased 

peak runoff.  

 

In this integrated hydrologic modeling study we also confirmed that decreases in forest 

canopy do result in decreased evapotranspiration, reduced soil/groundwater uptake and thus, 

increased groundwater recharge. 

A large amount of research has suggested that climate change is also a primary driver of 

earlier snowmelts and earlier peak flows (Stone et al., 2002; Stewart et al., 2004; Barnett et al., 

2008).  A key difference between our findings and those attributed to changes in temperature is 

that MPB infestation may both increase the snowpack and result in earlier melts, while climate 
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change impacts will decrease the snowpack at lower elevations and initiate an earlier melt 

season.  Thus, in watersheds with MPB susceptible forests, climate models should include the 

impacts of the MPB infestation. The consequences of an earlier and faster melt season could 

include extremes such as flooding during late spring and a longer duration of low flow and dry 

conditions in the summer. 

While these model simulations show the general trends and changes of the water and 

energy budgets due to the MPB infestation under typical climates, they do not currently extend to 

include climate change scenarios that may also be encountered.  Changes in climate may further 

exacerbate trends seen through the phases of MPB infestation and necessitate changes to water 

management practices.  Forest management practices may also need to take into account the 

increased risk of fire and possible slope stability issues due to widespread tree mortality.  It will 

also be necessary to conduct high-resolution model simulations of the Rocky Mountain region 

(Kollet et al., 2010) to scale up changes in ET due to large-scale MPB and to look at the large-

scale atmospheric feedbacks using integrated groundwater-atmosphere models (Maxwell et al., 

2007; Goderniaux et al., 2009; Leung et al., 2010; Maxwell et al., 2011).  Field observations in 

MPB-impacted catchments have been initiated and are now necessary to validate our modeling 

predictions and quantify the actual degree of perturbations to overland flow, top layer saturation, 

ET, and snowpack.
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Abstract 

Recent large-scale beetle infestations have caused extensive mortality to conifer forests resulting 

in alterations to dissolved organic carbon (DOC) cycling, which in turn can impact metal 

mobility through complexation. This study analyzed soil-water samples beneath impacted trees 

in concert with laboratory flow-through soil column experiments to explore possible impacts of 

the bark beetle infestation on metal release and transport. The columns mimicked field 

conditions by introducing pine needle leachate and artificial rainwater through duplicate 

homogenized soil columns and measuring effluent metal (focusing on Al, Cu, and Zn) and DOC 

concentrations. All three metals were consistently found in higher concentrations in the effluent 

of columns receiving pine needle leachate. In both the field and laboratory, aluminum mobility 

was largely correlated with the hydrophobic fraction of the DOC, while copper had the largest 

correlation with total DOC concentrations. Geochemical speciation modeling supported the 

presence of DOC-metal complexes in column experiments. Copper soil water concentrations in 
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field samples supported laboratory column results, as they were almost twice as high under grey 

phase trees than under red phase trees further signifying the importance of needle drop. Pine 

needle leachate contained high concentrations of Zn (0.1mg/l), which led to high effluent zinc 

concentrations and sorption of zinc to the soil matrix representing a future potential source for 

release. In support, field soil-water samples underneath beetle-impacted trees where the needles 

had recently fallen contained approximately 50% more zinc as samples from under beetle-

impacted trees that still held their needles. The high concentrations of carbon in the pine needle 

leachate also led to increased sorption in the soil matrix creating the potential for subsequent 

carbon release. While unclear if manifested in adjacent surface waters, these results demonstrate 

an increased potential for Zn, Cu, and Al mobility, along with increased deposition of metals and 

carbon beneath beetle-impacted trees. 

4.1 Introduction  

Climate change is creating stress on environmental ecosystems throughout the world, 

altering both water resources and global biogeochemical cycles.  One example is through 

increased temperatures and drought, stressed forests are more susceptible to insect attack, and in 

the past several decades scientists have witnessed the largest levels of tree mortality ever 

recorded due to insect infestations (Allen et al., 2010; Maness et al., 2012; Williams et al., 2012; 

Raffa et al., 2013). In forests that are reaching close to 100% tree mortality due to beetle-kill, 

biogeochemical cycles are being significantly altered. Beetle mortality has been shown to release 

larger quantities of carbon into the atmosphere than direct forest fire emissions and can shift 

forest dynamics from a net carbon sink to a carbon source(Kurz et al., 2008). Beetle infestation 

has also been associated with changing water quality; for example, in Colorado the bark beetle 

infestation has been linked to increases in carcinogenic disinfection byproducts in drinking 

water, created through chlorination of organic matter-rich waters (Mikkelson et al., 2013b).  

As bark beetle infestation can be added to the list of natural and anthropogenic land cover 

changes that have been shown to influence dissolved organic carbon (DOC) quantity and 

composition (Findlay et al., 2001; Mikkelson et al., 2013b) it is possible beetle infestations will 

also influence metal speciation and transport through organic matter complexation (Davis, 1984). 

Current literature reviews have predicted changing carbon dynamics in bark beetle-impacted 

watersheds (Edburg et al., 2012; Mikkelson et al., 2013a) but have not been able to surmise if 

metal transport will be altered. While others have studied the impact certain types of DOC have 
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on metal transport (Temminghoff et al., 1997; Olsson et al., 2007; Lee and Chen, 2010), it is not 

yet known how organic carbon released from these types of dying forests may alter metal 

mobility.  

 With large-scale tree die-off, it has been shown that initially there is a rapid loss of 

carbon from the soil before needle drop due to the cessation of root excretions (Xiong et al., 

2011) followed by a prolonged release of DOC into the soil-water and humus efflux associated 

with increased organic matter decay (Huber et al., 2004). One possible source of DOC following 

a bark beetle infestation is the increased needle deposition on the forest floor and subsequent 

decomposition (Yavitt and Fahey, 1986). Beetle-killed trees release the majority of their needles 

faster than the typical annual litterfall as they progress from the red to the grey stage(Mikkelson 

et al., 2013a). Increases in soil-water DOC concentrations lead to increased potential for metal-

ligand interactions and mobilization to nearby water supplies (Christensen et al., 1996; 

Antoniadis and Alloway, 2002) during or after this red-grey transition. Metal concentrations may 

also increase from needle leaching, as evergreen needles can bioaccumulate heavy metals (i.e. 

Pb, Cu, Zn and Cr) through atmospheric uptake, especially in high pollution areas (Kord et al., 

2010). Therefore it is possible soil metal concentrations will increase as the metal-rich needles 

decompose, which could prove problematic especially in areas already laden with legacy mines 

and high soil metal contentrations typical of beetle-killed areas in the Rocky Mountains of 

Colorado (Riebsame, 1997).  

Changes in DOC composition (rather than total concentration) may also alter metal 

mobility. Recent findings suggest that DOC composition and characteristics are being altered as 

a result of the bark beetle epidemic, specifically the relative fractions of hydrophobic and 

hydrophilic material (Mikkelson et al., 2013b). The hydrophobic fraction of DOC consists 

mostly of acidic products formed from lignin degradation (Guggenberger et al., 1994b) and 

consequently contains aromatic and reactive moieties (Qualls and Haines, 1991). It has 

previously been observed that the longer pine needles collected from under bark-beetle infested 

trees degrade the more hydrophobic they become (Beggs and Summers, 2011), indicating that as 

needles degrade in a forest, the leaching of hydrophobic DOC is likely to increase. Changes in 

the composition of DOC can alter its metal binding capacity as the hydrophobic and hydrophilic 

fractions have different metal binding characteristics depending on the size fractionation and 

source of the organic matter (Han and Thompson, 1999). Hydrophobic and hydrophilic fractions 
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of organic matter also sorb differently to soil, as typically the hydrophobic fraction has a stronger 

affinity for soils and is preferentially adsorbed (Dunnivant et al., 1992). Overall, it is important 

to consider the composition of DOC leached from degrading pine needles as its transport and 

metal-binding capacity depend largely on the fractionation between hydrophobic and hydrophilic 

proportions. 

By using a combined approach of field pore-water sampling complemented by the 

controlled introduction of needle-derived carbon to field-derived soil columns, this study set out 

to explore the effect of pulsed needle drop associated with bark beetle infestation on metal 

mobility. It is hypothesized that metal release and sorption from near-surface soils under bark 

beetle impacted trees will be altered by (1) increased release of metals that readily complex with 

pine needle-derived DOC, (2) increased deposition of metals derived from pine needle leachate, 

and (3) varied temporal trends for different metals due to preferential carbon and metal sorption 

processes and differences in carbon composition. 

4.2 Materials and Methods 

4.2.1 Field sites and soils 

The soils used in the column experiments were gathered in September 2012 from Keystone 

Gulch, Keystone, CO. The soil belongs to the Frisco and Peeler formations and is derived from 

glacial till (Miles and Fletcher, 1980). Soil was collected from under red phase beetle-killed 

lodgepole pine trees (0-30cm bgs) in which the needles on the tree were dead and red in color. 

Soil was sampled from this stage of mortality, as it is the most representative of the soil that 

would be found right before needle drop. Soil was taken from under three red phase trees where 

three holes were dug around each tree, approximately 100g of soil taken from each hole and 

homogenized with all other samples (9 samples total) to reduce spatial soil variability. The 

homogenized soils were sieved through a coarse mesh (5.66mm) to remove stones and woody 

debris, while preserving most of the micropore structure within the soil aggregates, and stored in 

an airtight container at -4¡C until use. The soil had an average pH of 4.74 (measured using a 

0.01M CaCl2 solution), moisture content of 9.5% (dried overnight at 105¡C), organic carbon 

content of 159 g kg-1 (determined by loss on ignition) and a loamy sand texture with 85% sand, 

9% silt and 6% clay. The soil total metal content for Al, Zn, Cu, Fe and Mn was 55,500; 143; 16; 

34,600; and 786 mg/kg respectively (XRF, Thermo Scientific Niton XL3t GOLDD+). The easily 

exchangeable metal content of the soil (performed in triplicate) was determined from digestion 
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with MgCl2 according to Tessier et al (1979). The exchangeable Al, Zn and Cu contents of the 

soil were found on average to be 7.78 (± 0.87) mg/kg, 4.91 (± 0.71) mg/kg and 0.18 (± 0.09) 

mg/kg respectively.  

 Soil-water samples were collected under late red and early grey phase lodgepole pine 

trees (needles had recently fallen to the ground) at Chimney Park, WY in the spring and summer 

of 2011 and 2013. Additional site characteristics can be found in Biederman et al. (2012). The 

soil surrounding the lysimeters at Chimney Park is similar to the soil obtained for the column 

studies and is a coarse loamy texture (Knight et al., 1985) with an average pH of 4.44. Twenty-

four samples were collected using a vacuum hand pump to pull suction on lysimeters installed at 

various depths (9-74 cm below ground surface). Samples were collected in 20ml glass amber 

vials for DOC analysis and acid-washed 15ml plastic vials for metal analysis, transported back to 

the laboratory in a cooler and stored at 4°C until analysis. Samples were filtered and acidified as 

described below for respective analyses.  

4.2.2 Column set-up  

Four acid-washed borosilicate glass soil columns (Kontes, 4.8 cm diameter and 15 cm 

long) were packed 10 cm high with 170 g of soil added in 50 g increments. Uniform packing was 

ensured by tapping the sides of the column a consistent number of times between each 

incremental addition to settle the soil. All columns had 1.5 cm of glass wool on the bottom to 

prevent clogging and 2.5 cm of glass wool on top to help uniformly disperse the influent over the 

top of the soil. The bulk density and pore volume of the soil columns was 0.94 g cm-3 and 116 

cm3 respectively. To maintain unsaturated flow (chosen to best mimic soil-water contact and 

redox conditions created during infiltration events in field conditions), 15 cm of tension was 

applied at the column base with a hanging water column.  

Two different influents were applied to duplicate columns: artificial rainwater (RW) and 

pine needle tea (PNT). Artificial rainwater was created according to Davies et al. (2004) The 

following inorganic salts were added per liter of deionized water to prepare artificial rainwater: 

NaNO3, 4.07 mg; NaCl, 3.24 mg; KCl, 0.35 mg; CaCl2 ! 2H2O, 1.65 mg; MgSO4 ! 7H2O, 2.98 

mg; and (NH4)2SO4, 3.41 mg. The resulting solution had an ionic strength of 0.3 mM and a pH of 

5.9. The RW composition and pH was typical of many reported in the literature for studies 

carried out in both the northern and southern hemispheres (Davies et al., 2004). PNT was made 

by leaching 12.5 g of pine needles per liter of artificial rainwater in 3L glass amber bottles placed 
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in natural sunlight for 48 hours (Beggs and Summers, 2011). Pine needles were collected from 

under trees that had just transitioned to the grey phase, indicating the majority of needles had 

fallen within the last year. See Table 4.1 for RW and PNT characteristics. 

  

Two column variations were run in duplicate (4 columns total). Two columns were 

established as controls and received artificial rainwater as influent while the two test columns 

received PNT as influent. Influent was applied to all columns at a steady rate of 1mm/min for 32 

pore volumes until concentrations began leveling off.   

Columns utilized Tygon® tubing and an Ismatec® 8 channel peristaltic pump for influent 

flow. Column effluent was collected manually in 40ml acid-washed glass amber vials, filtered 

through a 0.45 µm polyethersufone filters and stored at 4°C until analysis. Analysis occurred 

within one week of collection. Samples collected for metal analysis were acidified to pH<2 using 

trace metal grade concentrated nitric acid, while samples collected for DOC analysis were 

acidified to pH<2 using concentrated phosphoric acid. Samples collected for specific UV 

absorbance (SUVA) and nitrate analysis were filtered but not acidified.  

4.2.3 Sample Analysis and Calculations 

Samples were analyzed for DOC using a Shimadzu TOC-550A Total Organic Carbon Analyzer. 

The amount of carbon sorbed or released in columns was calculated by equation 1: 

Csorbed/released = ([DOC]PNT/RW – [DOC]i)*Q   (1) 

 

Where:  [DOC]PNT/RW = DOC concentration of the influent (PNT or RW) 

  [DOC]i = DOC concentration at time i 

  Q = The flow rate 

SUVA has been shown to be strongly correlated to the percent aromaticity of the organic carbon 

(Weishaar et al., 2003). Absorbance scans were run at 254 nm and 260 nm for SUVA (DU 800 

spectrophotometer) and the hydrophobic fraction of DOC respectively. The SUVA values were 

calculated by dividing the absorbance at 254 nm by DOC concentration and reported in units of 

!" #$% &'()* +, %- ). %/
012 !"!# $#"% &"'( %"%$! %"%%# %"&() )"')
34 !"$) '"* &"*) % % % '"#)

Table 4.1 Influent pH values, DOC and metal concentrations.  All units are mg/l except SUVA which is 
(mg/l)(m-1). 
!
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L mg-1 m-1. The hydrophobic fraction of the DOC was calculated by using the directly 

proportional relationship between light absorbance at 260 nm and the concentration of the 

hydrophobic fraction for pine trees (Dilling and Kaiser, 2002). This method is applicable for 

water samples of low nitrate (< 25 mg/l) and low iron (<5 mg/l) (Dilling and Kaiser, 2002). The 

column influent and effluent met both of these criteria at all points throughout the experiment.  

 Metal concentrations were measured using inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) in the laboratories at the Colorado School of Mines and all reported 

metal concentrations are the total aqueous concentrations. Detection limits were all an order of 

magnitude below sample measurements (detection limits for copper = 0.1µg/l, aluminum = 0.7 

µg/l and zinc = 0.2 µg/l). Standard checks were performed every ten samples (five times total in 

the ICP-AES run for the column effluent results) and the low metal standard concentrations 

remained consistent throughout the entire run with five duplicate checks (Cu = 7.2 ± 1.1 µg/l, Al 

= 20.2 ± 6.2 µg/l, Zn = 2.8 ± 0.0 µg/l). Nitrate was measured using colorimetric test kits (Hach).  

The PNT was analyzed for the hydrophobic and hydrophilic fractions of DOC using 

XAD-8 resin chromatography (Leenheer, 1981). The XAD8 resin columns confirmed the 

relationship between light absorbance at 260 nm and the hydrophobic portion of DOC.  

4.2.4 Geochemical Modeling 

The program Visual MINTEQ version 3.0 (Gustafsson, 2005) was used to calculate the 

metal speciation in the column effluent using the non-ideal competitive adsorption (NICA) 

model (Benedetti et al., 1995) with the assumption of continuous distribution of site affinity. 

Input parameters included metal concentrations, DOC concentrations, solution pH and Ca2+ 

concentrations measured in the column effluent. When other ions were added to model runs 

(Mg2+, Na+, K+, SO4
2- and Cl-) no major changes to species distributions were found. When 

modeling the RW columns, generic parameters for fulvic acid (FA) were used for proton binding 

and metal complexation assuming that 50% of the dissolved organic matter (DOM) is C by 

weight and 100% of the active humic substances are FA (Milne et al., 2003). However, when 

modeling the PNT columns, both the generic parameters and the measured proportions of humic 

and fulvic acids were used (89% FA and 11% HA as the ‘active’ humic substances) to best 

represent the mobilized soil organic carbon and the DOC from the PNT. 
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4.3. Results and Discussion 

To better understand how a bark beetle infestation might impact metal mobility and 

transport, leached PNT was passed through duplicate, homogenized soil columns. To 

compliment this laboratory experiment, field soil-water samples were also collected beneath 

beetle-impacted trees. Three metals, Cu, Zn and Al, were chosen for in-depth analysis with 

relation to needle-derived DOC. Cu is important to monitor as it readily complexes with DOC 

(Temminghoff et al., 1997), and Zn has been found in high concentrations in pine needles 

(Nilsson, 1972). Prior field studies have also seen an increase in Al mobility after beetle 

infestation (Zimmermann et al., 2000; Huber et al., 2004; Tokuchi et al., 2004) often correlated 

to NO3
- levels, which have implications for potential shifts in nitrogen cycling. It is also 

important to take into account these metals with regard to bark beetle infestations as metal 

contamination is already common in many mountain streams of Colorado located in beetle-killed 

watersheds, with Zn and Cu often exceeding ecotoxicity limits (McKnight and Bencala, 1990). 

For clarity only the average concentrations from the duplicate experiments are shown in the 

representative figures and tables. Effluent concentrations were on average within ± 7% (DOC) 

and ± 21% (metals) of their respective duplicate columns and error bars can be seen in figures 

A2 and A3.  

4.3.1 DOC Mobility in Column Experiments 

Figure 4.1 shows the average Cu, Al and Zn effluent concentrations for both the PNT and 

RW columns, along with the average effluent DOC concentrations for the respective column. 

The PNT influent DOC concentration was 96 mg/l (representative of peak concentrations of 

forest floor leachate in a lodgepole pine dominated forest) (Yavitt and Fahey, 1986) and the RW 

influent DOC concentration was 2 mg/l. The PNT columns effluent DOC concentration was at a 

maximum within one pore volume, while the RW columns did not reach maximum DOC levels 

until around five pore volumes. The PNT columns experienced an increase in DOC 

concentrations around the eighth pore volume, but the DOC slowly tapered off for the remaining 

experimental duration. However, it is clear that the influent DOC was immobilized in the soils of 

the PNT column within the first several pore volumes (Figure 4.2, red shaded area). This 

behavior could be attributed to the interaction of dissolved organic compounds with DOM 

sorbed to the soil, thus inhibiting the mobility (Han and Thompson, 2003) or the interaction of 

DOC with Fe and Al oxyhydroxides (Kaiser and Guggenberger, 2000). In total, an average of 
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Figure 4.1 Average effluent metal (Cu, Al, Zn) and DOC concentrations from duplicate columns of PNT (A,C,E) and rainwater (B,D,F) influents. 
For RW, the initial metal concentrations were zero and [DOC]RW = 1.8 mg/l. The influent PNT concentrations were: [DOC]PNT = 96.0 mg/l , 
[Cu]PNT = 6.2 µg/l, [Al]PNT = 0.23 mg/l and [Zn]PNT = 0.95 mg/l. The first pore volume [Zn] = 0.25 mg/l and is not shown due to scale. Note scale 
differences for [DOC] in PNT and RW graphs. Associated error bars can be found in the Figure A2. 
!

Figures ! "
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Figure 1: Average effluent metal (Cu, Al, Zn) and DOC concentrations from duplicate columns of PNT (A,C,E) and rainwater (B,D,F) influents. For RW, the %"
initial metal concentrations were zero and [DOC]RW = 1.8 mg/l. The influent PNT concentrations were: [DOC]PNT = 96.0 mg/l , [Cu]PNT = 6.2 µg/l, [Al]PNT = 0.23 &"
mg/l and [Zn]PNT = 0.95 mg/l. The first pore volume [Zn] = 0.25 mg/l and is not shown due to scale. Note scale differences for [DOC] in PNT and RW graphs. ' "
Associated error bars can be found in the supplementary information, Figure S1.( "



!

! ! 58 

 

50.0 (± 11.5) mg of carbon sorbed to the PNT columns, while the RW column actually released 

50.2 (± 8.6) mg of carbon from the soil (32 pore volumes in total were eluted). Overall, the PNT 

effluent contained 303.7 (± 9.2) mg of carbon (in addition to 50.0 mg of C sorbing to the soil), 

which is 6 times more than the amount of carbon in the RW column effluent. 

The column experiments indicated that low influent DOC concentrations (i.e. rainwater 

infiltrating into bare soil) mobilize organic carbon from the soil matrix (Figure 4.2, blue shaded 

area). This phenomenon has been observed in field and laboratory experiments where DOM 

mobilization and transport is coupled with rain events (Xu and Saiers, 2010). However, when the 

influent contains large concentrations of DOC (i.e. rainwater infiltrating through a large 

decomposing needle layer before entering the soil matrix), a portion of the carbon transported 

through the soil matrix will sorb to the soil (Figure 4.2, red shaded area). This leads to the 

potential for future desorption of the newly deposited soil carbon after the thick needle layer is 

removed or has leached much of its carbon through the soil matrix, creating a potentially large 

mobile carbon pulse that could travel to adjacent surface and groundwaters. 

 
Figure 4.2 Average carbon balance from the duplicate columns contrasting PNT and rainwater.  The blue 
shaded area indicates carbon is desorbing from the soil column and the red shaded area indicates that 
carbon is being sorbed to the soil column as the influent travels through the soil matrix. 
 
4.3.2 Metal Mobility in Column Experiments  

The addition of DOC from needle leachate may influence metal speciation and transport, 

particularly due to the low percentage of metals in the exchangeable pool of the soils when 
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compared to soils utilized in previous studies (eg. Burt et al., 2011). Both columns experienced 

their maximum Cu and DOC concentrations concurrently (Figure 4.1) and have a positive 

correlation between the effluent DOC and Cu concentrations (Table 4.2), consistent with other 

soil column experiments (Temminghoff et al., 1997; Weng et al., 2002). This phenomenon was 

explored more in the field samples and is described below (section 4.3.3). In the PNT columns, 

Cu was rapidly released in approximately the first twelve pore volumes in association with the 

high flux of DOC running through the columns followed by tapering (Figure 4.1A). The RW 

columns exhibited a similar trend, as the effluent Cu tracked well with DOC concentration 

(Figure 4.1B).  

Table 4.2 Pearson's correlation coefficients (r) for Cu, Zn and Al with effluent DOC concentrations, 
hydrophobic DOC concentrations, pH and Ca concentrations in column and field studies. The coefficient 
ranges from -1 to 1 with values close to 1 or -1 signifying stronger positive or negative correlations 
respectively and is based off of the averages from the duplicate column runs. The field correlations are 
from under late-red phase trees. The grey highlighted cells indicate correlations > |0.60|. 
 

  DOC 
Hydroph. 

DOC pH Ca 
Cu         
RW 0.86 0.59 -0.14 0.65 
PNT 0.64 0.10 0.62 0.69 
Field 0.82 N/A N/A 0.47 
Zn         
RW 0.67 0.40 -0.25 0.70 
PNT 0.74 -0.31 0.28 0.61 
Field -0.23 N/A N/A -0.68 
Al         

RW 0.82 0.79 -0.42 0.53 
PNT 0.06 0.60 0.13 0.32 
Field 0.91 N/A N/A 0.69 

 

Overall, the PNT columns eluted an average of 31.5 (± 0.7) µg of Cu, 9.4 (± 0.7) of which were 

desorbed from the soil. The RW columns released an average of 18 (± 0.7) µg of Cu, all 

attributed to soil desorption. Given the RW columns had a larger quantity of desorbed Cu, it 

appears that the concentration of Cu in the PNT (0.006 mg/l) is inhibiting soil desorption, 

leaving the possibility for additional subsequent release. In previous studies, Cu mobility has 

shown initial enhancement from DOC followed by subsequent retardation attributed to the 

formation of ternary complexes between the aquifer material, Cu and DOC or changes in the 
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electrostatic potential at the solid-phase surface (Han and Thompson, 2003). This may be the 

case in the PNT columns, as the PNT significantly enhanced Cu mobility in the beginning of the 

column experiments, but then the fractional increase in mobility tapered off. Cu also has a 

positive correlation to aqueous Ca effluent concentrations suggesting competitive DOM sorption 

occurred in these soil columns (Harter, 1992). 

Aluminum effluent concentrations exhibit a different trend than was observed for Cu. 

Effluent Al concentrations in the PNT columns increased until around the twelfth pore volume, 

despite decreasing DOC concentrations (Figure 1C). When the influent DOC was low (i.e. the 

RW columns), the effluent Al concentrations appeared to follow the same trend as Cu and were 

positively correlated to effluent DOC, hydrophobic DOC and Ca concentrations (Table 4.2); 

however, in the PNT columns Al concentrations appear to be closely correlated with only the 

hydrophobic portion of DOC. This is markedly different than Cu and Zn, as only the Cu 

concentrations in the RW columns appeared to have any correlation with the hydrophobic 

portion of DOC concentrations (Table 4.2). Aluminum mobility appeared to be enhanced 

throughout the entire duration of the column run, with the maximum enhancement occurring in 

the first eight pore volumes. This observed trend could be attributed to desorption of Al from the 

exchangeable pool of metals or related to the initial rapid solubilization of reactive solid phase 

Al followed by the slower dissolution of less reactive minerals in the soil, assuming kinetically 

controlled dissolution of inorganic soil Al compounds is the main supply for organically bound 

Al as has been suggested by other studies (Berggren and Mulder, 1995; Wesselink et al., 1996). 

Overall, the PNT column effluent contained 4.1 (± 0.9) mg of Al, 3.2 (± 0.9) of which were 

desorbed from the soil. This suggests that Al soil desorption is enhanced more than Cu 

desorption by the addition of DOC, possibly because the additional Al in the PNT does not 

inhibit Al desorption as is possible in the case of Cu. In comparison, the RW column only 

released a total of 2.0 (± 0.3) mg of Al, less than half that of the PNT column.  

Zinc effluent concentrations followed a similar trend as the Cu effluent concentrations 

where the PNT and RW columns displayed fairly strong correlations with DOC and Ca 

concentrations (Figure 4.1E & 4.1F, Table 4.2). However, from the fifth to the ninth pore 

volume, the average Zn concentrations in the PNT columns increased despite a decreasing DOC 

concentration (Figure 4.1E). Zn was also positively correlated with Ca concentrations (Table 4.2) 

suggesting that when carbon sorbs to the soil matrix it replaces Zn and Ca ions. This trend has 
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been observed before, where Zn is strongly correlated to Ca and to a lesser extent DOC (Zhao et 

al., 2007). In these experiments, the concentration of Zn in the PNT was high enough that a large 

portion of the zinc sorbs to the soil matrix instead of transporting in the aqueous phase. 

Throughout the duration of the column experiment (except for the first pore volume), the 

concentration of Zn in the PNT was 2-3 times higher than the concentration of Zn in the effluent. 

In total, out of the 319 µg of Zn entering the PNT columns an average of 220 (± 14.8) µg of Zn 

sorbed to the soil matrix. This indicates that the soil possessed a large capacity to sorb Zn ions. 

Even with the large amount of Zn sorption, the effluent in the PNT columns contained a total of 

119 (± 10.6) µg of Zn, which is almost twice that of the RW column. 

4.3.3 Metal and Carbon Association in the Field Under Beetle-Impacted Trees.  

Field correlations often corroborated column results although field correlations were 

reported from only from under late-red phase trees (Table 4.2), as they were the majority of the 

samples, and only a few early-grey phase trees were available for comparison. In complimenting 

the column results, Cu and DOC concentrations were strongly correlated in field measurements 

under red phase beetle-impacted trees (Table 4.2), suggesting the potential for higher 

concentrations of Cu after increased DOC flux from needle decomposition. Furthermore, the 

average soil-water Cu concentration under grey phase trees (6.5 ± 4.3 µg/l, n = 8) was almost 

twice as high as under red phase trees (3.6 ± 2.0 µg/l, n = 16) suggesting an association between 

the pulsed needle drop that occurs as the trees progress from the red to the grey stage.  

In the field samples, Al exhibited a strong correlation with both DOC and Ca, which were 

not observed in the PNT columns (Table 4.2); however, trends observed in the field were also 

seen in the RW columns. Al concentrations in soil-water samples from under red and grey trees 

were not significantly different (red phase: 0.60 ± 0.53mg/l, n =16; grey phase: 0.58 ± 0.84mg/l, 

n = 8). This suggests there might be other processes occurring in the field that are not completely 

mimicked by the columns. Soil-water aluminum levels have also been observed to correlate with 

NO3
- concentrations in field studies after beetle attack (Zimmermann et al., 2000; Huber et al., 

2004; Tokuchi et al., 2004). Laboratory results confirmed a weak correlation between Al and 

NO3
- in the PNT columns (r = 0.40) and RW columns (r = 0.38); however, the column duration 

was brief enough that it might not have had sufficient time to capture the microbial assemblages 

responsible for nitrogen cycling often observed in the field. On the other hand, the field samples 
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from this study displayed a negative correlation (r = -0.60) with nitrate, although NO3
- field data 

was limited and the sample size small (n = 4). 

In the field, Zn had a weak negative correlation with DOC, which was not observed in the 

soil columns. The samples also showed a negative correlation between Zn and Ca, possibly due 

to Zn sorption to the soil and the release of Ca. Comparison of these field and column results 

supports previous observations of the opposing behavior of Zn with regards to DOC that has 

been observed in previous column and field studies (Li and Shuman, 1997; Kalbitz and 

Wennrich, 1998; Zhao et al., 2007). However, field observations confirmed the hypothesis that 

zinc-saturated needle decomposition will lead to higher soil-water Zn concentrations as the 

samples from under grey phase trees that had recently lost their needles were on average 50% 

higher (40.5 ± 33µg/l, n = 8) than the Zn concentrations under red phase trees (28.6 ± 33µg/l, n = 

16). 

4.3.4 Metal Mobility and pH in Column Experiments.  

The pH of the effluent averaged 7.4 ± 0.4 and 6.4 ± 0.3 for the RW and PNT columns 

respectively (Figure A4). The DOC effluent concentrations in the PNT column had very little 

correlation with pH (r=0.11) and the RW columns had a weak positive correlation (r=0.34). The 

effluent pH concentrations were higher than the soil pH (measured in batch) in both the PNT and 

RW columns by about 1.5 and 2 pH units respectively which suggests that ion exchange may 

have decreased proton concentrations in the effluent. Effluent pH does not appear to explain any 

of the metal concentrations or DOC concentrations except in the PNT column with regard to Cu 

(Table 4.2) as DOC-metal complexation dominates at high pH (Temminghoff et al., 1997) as 

compared to lower pH values where there are less deprotonated acidic functional groups 

available in the DOM for metal binding (Jansen et al., 2002). This was verified with geochemical 

modeling, which found all metal species in the PNT column to be complexed to DOC (Table 4.3) 

until the last measured time step where 0.5% of the aqueous Al was [Al(OH)4]
-. The effluent 

from the RW columns was oversaturated with respect to gibbsite (Al(OH)3) for the entire column 

duration, while the PNT column effluent was under-saturated with respect to gibbsite until the 

last three pore volumes where it reached equilibrium followed by slight oversaturation. The 

metal species in the RW columns were more varied for Zn and Al, but aqueous Cu was always 

complexed with DOC. Zn2+ and [Al(OH)4]
- were the other dominant species in the RW columns 

besides Zn-DOM and Al-DOM (Table 4.3).  
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4.3.5 Influence of DOC Composition on 

Metal Mobility 

Along with the transport and 

sorption, the composition of DOC was 

important in determining metal mobility. 

The PNT was found to contain 41.4% 

hydrophobic DOC through XAD8-resin 

chromatography, and the directly 

proportional relationship between 

absorbance at 260 nm and DOC 

concentration found the PNT to be 40% 

hydrophobic DOC. During the column 

experiments, the proportion of 

hydrophobic DOC relative to the total 

DOC increased in the first 7 pore volumes in the PNT column reaching a maximum of 66% 

hydrophobic DOC, while the RW column showed an increase in the hydrophobic portion of 

DOC throughout most of the experimental duration, approaching 100% hydrophobic DOC after 

20 pore volumes (Figure 4.3). As the proportion of hydrophobic DOC in the RW experiment 

eventually approached 1, it appeared that initially both the hydrophilic and hydrophobic fractions 

of soil-bound DOC were mobilized; however, with a longer duration continuous rain event, 

eventually all the hydrophilic DOC is mobilized. This behavior supports previous observations 

that the hydrophilic fraction of DOC is more mobile than the hydrophobic fraction 

(Guggenberger et al., 1994a). Specifically, the hydrophobic fraction of DOM (of which DOC is a 

component) has been shown to interact strongly with Al and Fe oxides and hydroxides (Kaiser et 

al., 2001) slowing down their transport. Thus, the hydrophilic fractions of DOM are likely to 

travel faster in hydrologic systems than the hydrophobic fractions (McCarthy et al., 1993). On 

the other hand, the opposite trend was observed in the PNT columns as the proportion of 

hydrophobic DOC was higher in the effluent than the influent after the first few pore volumes. 

This indicates that either the soil had a higher affinity for hydrophilic DOC sorption than 

hydrophobic DOC sorption or additional hydrophobic DOC was desorbing (Figure 4.3). As the 

proportion of hydrophobic DOC appeared to tail off in the final pore volumes, it is probable that 

!"#$% &'"()"* +,-#.,% /01
!"#$ % %

+2 !"&'( )%% )%%

*+#$ ,-./0/,#-. %
3- *+'1$ %-)/0/2-# %

*+&'( #3-%/0/4#-% )%%

567'18#$ %-)/0/2-9 %
4% 567'18: #-9/0/)%-, %

567'1820 :)-)/0/..-9 %/0/%-)
56&'( .-,/0/3:-, 44-4/0/)%%

Table 4.3 Metal species predicted in column effluents from 
NICA-donnan model. Ranges encompass the max and min 
percentage of that species (of the total metal concentration in 
effluent samples) modeled during the entire experimental 
duration. 
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once steady state is reached the effluent DOC will closely resemble the influent PNT 

composition of 41% hydrophobics, 19% hydrophilics and 40% neutral compounds. 

 Along with differences in transport, the composition of DOM can change its metal-

binding capacity. Hydrophilic acids represent the more mobile fraction of DOM in the soil 

column (Dunnivant et al., 1992) and in some studies have been shown to bind Cu more 

effectively than hydrophobic acids (Guggenberger et al., 1994a). However, more recent studies 

have found no difference in the binding characteristics of the two fractions of DOM from leaf 

litter with regard to Cu binding (Hur and Lee, 2011). In the experiments reported herein, Al was 

the only metal strongly correlated to a specific fraction of DOC (the hydrophobic fraction; Table 

4.2). This strong correlation combined with the absence of correlation to overall DOC 

concentration, indicates a strong preference for Al binding with the hydrophobic fraction of pine 

needle leachate. The longer tailing of increased Al concentrations (Figure 4.1C) and the later 

dominance of the hydrophobic fraction of DOC in the PNT columns (Figure 4.3) further supports 

the hypothesis that hydrophobic DOC plays a primary role in Al complexation. 

 
Figure 4.3 The average proportion of DOCH (hydrophobic DOC) to DOCT (total DOC) in duplicate 
column effluents for both PNT and rainwater (control) columns. 
 
4. Conclusions and Environmental Implications 

 A combined interpretation of field and laboratory data suggests that a large needle pulse 

after bark beetle-induced tree mortality and subsequent decomposition has the potential to 

enhance soil-water concentrations of Cu, Zn and Al. Increased DOC release resulting from the 
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decomposition of the pine needles forms complexes with these metals enhancing their transport 

through the soil matrix while also increasing carbon sorption to the soil matrix that could result 

in a subsequent carbon release. It is expected that there will be an initial pulse of Cu released 

from pine needle leachate due to its affinity for organic complexes, but the duration of this pulse 

is unknown as DOM can inhibit Cu transport over longer periods. The addition of large amounts 

of Zn from the pine needle leachate creates higher soil-water concentrations along with 

additional sorption of zinc to the soil matrix possibly prolonging impacts even after the needles 

are leached as the recently sorbed Zn is subsequently released from soils. Aluminum appears to 

have a high affinity for hydrophobic DOC complexation, which indicates that the pine needle 

leachate will mobilize large amounts of Al due to its high proportion of hydrophobic acids.  

In beetle-impacted watersheds, water treatment facilities have experienced increases in 

disinfection byproducts associated with an increased proportion of hydrophobic acids, indicating 

that the hydrophobic acids are an important component of organic matter originating from 

beetle-impacted trees (Mikkelson et al., 2013b). If this portion of organic matter is increasing in 

association with beetle-impacted trees and has a propensity to complex with aluminum, 

ecotoxicity levels in surrounding waters may be surpassed. Field collected soil-water samples 

consistently had concentrations above EPA aquatic life criteria levels for Al and Zn (CMC for Al 

= 750 µg/l and Zn = 120 µg/l) but not for Cu (USEPA, 1988 and 1995), which would exacerbate 

existing water quality issues in Colorado where streams often exceed ecotoxicity levels for Al, 

Cu and Zn (McKnight and Bencala, 1990). The enhanced mobilization of the three metals from 

pine needle leachate could also create ecological toxicity issues for plants as well as inhibit 

regrowth beneath the dead canopies (Hodson, 2012).  

Thus, it appears that as bark beetle infestations alter carbon dynamics, water quality may 

be degraded not only through increased potential for the formation of disinfection byproducts 

(Mikkelson et al., 2013b) but also through increased aqueous metal concentrations (particularly 

those metals with an affinity for the hydrophobic fraction of organic matter) that could have an 

ecological impact on localized regrowth or adjacent water bodies. This contrasts with climate-

change projections of reduced surface-water metal concentrations in lowland catchments (Visser 

et al., 2012) which do not account for forest mortality due to insect infestations.  It is uncertain 

how large the magnitude of response will be in beetle-impacted catchments with regard to trace 

metals, as some watershed-scale biogeochemical responses (particularly NO3-) in beetle-
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impacted watersheds have been predicted to be large but observations have only indicated a 

weak response (Rhoades et al., 2013). It would be insightful to determine the temporal trend of 

metal mobilization beneath degrading pine needles and whether or not the increased soil-water 

concentrations will be seen in adjacent surface and groundwaters creating ecological or human 

health concerns.



!

! ! 67 

 

Chapter 5 

WATER-QUALITY IMPACTS FROM CLIMATE-INDUCED FOREST DIE-OFF 
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Abstract 

Climate change has been attributed to increased ecosystem susceptibility to pests and other 

stressors (Dale et al., 2001), which has resulted in unprecedented tree mortality from insect 

infestations (Williams and Liebhold, 2002). In turn, large-scale tree die-off alters physical and 

biogeochemical processes, such as organic matter decay and hydrologic flow paths, that could 

enhance leaching of natural organic matter to soil and surface waters and increase potential 

formation of harmful drinking water disinfection byproducts (DBP) (Nieuwenhuijsen et al., 

2000; Nikolaou and Lekkas, 2001).  While prior studies have investigated water quantity 

alterations due to climate-induced, forest die-off (Potts, 1984; Mikkelson et al., 2013c), impacts 

on water quality are unclear. Here, water quality data sets from water-treatment facilities in 
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Colorado were analyzed to determine if the municipal water supply has been perturbed as a 

result of tree mortality.  Results demonstrate higher total organic carbon (TOC) concentrations 

along with significantly more DBPs at water-treatment facilities using mountain pine beetle 

(MPB)-infested source waters when contrasted with those using water from control watersheds.  

In addition to this differentiation between watersheds, DBP concentrations demonstrated an 

increase within MPB watersheds related to the degree of infestation. Disproportionate DBP 

increases and seasonal decoupling of peak DBP and TOC concentrations further suggests that 

TOC composition is being altered in these systems. 

5.1 Results and Discussion 

The mountain pine beetle (MPB, Dendroctonus ponderosae) infestation has reached 

epidemic proportions and is generating growing concern for regional water resources with little 

known about potential impacts.  In the Rocky Mountains, warmer winter minimum temperatures 

and persistent drought conditions have contributed to an ongoing MPB epidemic(Raffa et al., 

2008) that has affected more than 4 million acres of lodgepole pine forests in Colorado and 

Wyoming (Figure 1.1). Changes in hydrology following bark-beetle infestation such as 

decreased interception, increased erosion and particulate transport (Klutsch et al., 2009), 

increased soil moisture and increased radiation to the forest floor (Mikkelson et al., 2013c) can 

lead to altered degradation and transport of soil organic matter in both particulate and dissolved 

forms (Dai et al., 2001).  Total organic carbon (TOC; which is comprised of particulate and 

dissolved organic carbon) increases have been observed across large areas of the northern 

hemisphere, and while there is no scientific consensus on the driving mechanisms of increased 

TOC a number of different factors have been proposed including changes in acid deposition 

(Monteith et al., 2007), variability in climate(Lepisto et al., 2008), and land-use changes 

(Findlay et al., 2001). We propose that the recent bark beetle epidemic is another mechanism that 

may alter TOC loading and composition in surface and groundwaters.      

Changes in TOC characteristics and increased loading can lead to human health concerns 

as humic and fulvic fractions of natural organic matter (NOM) have been correlated to the 

formation of disinfection byproducts (DBPs), such as trihalomethanes (THMs, known 

carcinogens), during chlorination (Rook, 1974; Babcock and Singer, 1979; Nikolaou and Lekkas, 

2001).  Hence, the potential for exceedance of regulatory limits, human health impacts, and 

increased treatment costs are potential concerns for water treatment facilities associated with 
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bark-beetle infested watersheds.  The objective of this study was to collect and analyze archived, 

publically available water quality data from water treatment facilities located in the Rocky 

Mountain region of Colorado.  Water quality data was compared between MPB-infested 

watersheds and regionally analogous facilities located in watersheds that did not experience the 

same degree of MPB infestation (control watersheds).  

Archived water quality data was collected from nine different treatment plants in 

Colorado, which included four control (Aspen, Carbondale, Glenwood Springs and Gypsum) and 

five MPB-impacted facilities (Kremmling, Steamboat Springs, Winter Park, Dillon and Granby).  

The average level of infestation at the control sites about a quarter (0.8 ± 0.2 trees killed/hectare 

) that of the MPB-impacted sites (3.0 ± 0.8 trees killed/hectare) and sites were as geographically 

similar as the available data would allow (Table 5.1). Most treatment facilities collect their water 

from surface water sources; however, Winter Park and Dillon primarily use a groundwater  

Analyte 
Tested  

MPB/ 
Control  

P-value 
Significant, 
Increase or 
Decrease? 

TOC Control <0.001 yes,• 

  MPB 0.71 No,Ž 

TTHM Control 0.65 No,• 

  MPB 0.008 yes,Ž 
 

supply while Carbondale, Aspen and Steamboat Springs use both groundwater and surface water 

supplies (Table A1).  Water quality samples were collected and analyzed by the treatment 

facilities in quarterly intervals in compliance with EPA standardized procedures (EPA, 1998) 

and spans the years of 2004-2011, during which the impacted lodgepole pine forests experienced  

heavy MPB infestation.  While facilities were analyzed individually (Table A2), trends were 

more significant due to larger sample sizes when analyzed as a group (i.e. MPB or control) and 

thus aggregated results will be presented.    

Table 5.1 Temporal trend analysis of TOC and TTHM concentrations from 2004-
2011 for MPB-infested sites (grey rows) and control sites (white rows). The Mann-
Kendall test was run for all quarterly averaged data at a 5% significance level (!  = 
0.05). 
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Quarterly TOC samples taken before 

water treatment were grouped for these 

distinct facilities (Figure 5.1A).  Our analysis 

demonstrates significantly more TOC in the 

MPB watersheds versus the control 

watersheds with respect to both mean and 

maximum concentrations (p < 0.0001 from 

Mann-Whitney test). As is typical in most 

watersheds, surface water sources in impacted 

watersheds had significantly higher TOC 

concentrations than groundwater sources; 

although, this interpretation is limited as the 

only available TOC data from an impacted 

groundwater source was from the town of 

Dillon (TOC data from Winter Park was not 

available). This result could provide evidence 

for the change in transpiration after infestation 

resulting in changes in the groundwater level 

(Andreassian, 2004), possibly activating more 

superficial flow through more TOC-rich soil 

layers close to the stream (Seibert et al., 

2009).  However, more analysis is needed to 

determine changes in flow paths after 

infestation.   

In parallel to increased TOC 

concentrations, higher DBP concentrations were observed in MPB-infested watersheds when 

contrasted with control watersheds (Figure 5.1B, C) with a nearly ten-fold difference between 

median concentrations.  Means for both the sums of five haloacetic acids (HAA5) and total 

trihalomethanes (TTHM, four trihalomethanes) were significantly different between MPB 

watersheds and control watersheds (p < 0.0001).  There were no significant differences in either 
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Figure 5.1  Significantly higher TOC and DBP 
concentrations in MPB-impacted water treatment 
facilities versus control facilities.  A. Comparison 
of TOC concentrations using a 50% confidence 
interval box and whisker plot. B. Comparison of 
HAA5 concentrations. C. Comparison of TTHM 
concentrations.  In the legend, ÒminÓ refers to the 
minimum concentration, ÒmedianÓ to the median 
concentration, and ÒmaxÓ to the maximum 
concentration recorded.  The data was taken 
between 2004 through the third quarter of 2011.     
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of the DBPs when contrasting impacted groundwater and surface-water sources and treatment 

methods.   

In light of the larger TOC concentrations and subsequent DBP formation in MPB-

infested watersheds when compared to control watersheds, we conducted a temporal analysis of 

water quality data to assess possible correlations during infestation progression.  While the 

significant differences between infested and control watersheds are interesting, and despite 

attempts to establish representative controls (Table A1, Figure 5.2), there are possible site-

specific factors incidental to bark-beetle infestation such as soil and hydrological flow paths that 

might also account for differences observed.  For this reason, we chose to further investigate 
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Figure 5.2  Soil and land type classifications.  A soil texture map of the topsoil for each watershed and 
the respective treatment facilities located in that watershed.  In the bottom table % developed includes 
urban, residential commercial and industrial areas and abbreviated treatment facility names are in 
parentheses where: C = Carbondale, A = Aspen, G = Gypsum, K = Kremmling, WP = Winter Park, Gr 
= Granby, GS = Glenwood Springs, S = Steamboat Springs, and D = Dillon, and <Null> in the soil 
texture classification means there was no data available for that area.  Average % organic matter (OM) 
was calculated by taking the %OM for each area unit within each watershed and then calculating the 
average for the entire watershed. 
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infested watersheds separately from the controls and found significant temporal trends within 

infested catchments that further support our hypothesis.   

Quarterly averaged concentrations of TOC and TTHM (Figures 5.3A and 5.3B 

respectively) are depicted for MPB-impacted and control facilities from 2004 to 2011. Using the 

Mann-Kendall test to include the seasonal fluctuations in TOC (Dawson et al., 2008) and thus 

DBP concentrations, it was found that averaged quarterly TTHM concentrations have increased 

significantly since 2004 in MPB-infested watersheds while TOC concentrations have not (Figure 

5.3B and 5.3D, Table 5.1).  However a positive trend was observed (Figure 5.3, Table 5.1) where 

TOC appears to begin increasing after 2007, shortly after the major initial infestation, reaching 

an average of 3.5 mg/l approximately four years later (a 40% increase from 2004 with an average 

increase of 0.04 mg/l per year). TTHM concentrations follow a more pronounced trend (an  

average increase of 2.05 ug/l per year), reaching a mean value of around 70 ug/l (with individual  

facilities experiencing concentrations as high as 111 ug/l in the third quarter) followed by a slow 

decline. Recently, it has been found that modest increases in TOC can be equated more dramatic 

shifts in NOM characteristics (Worrall and Burt, 2009) which may explain the observed trends. 

Increased TOC concentrations in watersheds can be associated with increased 

precipitation (Hongve et al., 2004), and increased temperatures have been associated with 

increased DBP formation potential (Deborde and Von Gunten, 2008).  However, annual 

precipitation and temperature do not exhibit increasing trends and thus do not explain the 

observed TOC trends (Figure A1).  Importantly, an increasing trend was not observed in the 

TOC and TTHM values at control facilities (with an average decrease of -0.05 mg/l per year and 

-0.3 ug/l per year respectively; Figure 5.3B and 5.3D) from 2004 to 2011, further highlighting 

the significance of the observed trends in impacted watersheds.   

We further analyzed the TOC and TTHM data by quarters (Figure 4.3A and 4.3C).  

Interestingly, in the MPB-impacted catchments, maximum TTHM concentrations were generally 

associated with the third quarter (July Ð September), while maximum TOC concentrations were 

generally reported in the second quarter (April Ð June).  This seasonal trend differed from the 

control catchments where both TTHM and TOC concentrations were highest during the high 

streamflow months (second quarter), signifying that a factor other than temperature and 

precipitation was influencing TTHM and TOC concentrations. 
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Figure 5.3 Seasonal shifts and trends in TOC and TTHM concentrations in analyzed water treatment facilities. Quarterly averages from 
2004-2011 in MPB-impacted and control facilities of a.) TOC and c.) TTHM.  The change in variance after decomposition for the 
Mann-Kendall tests is shown for b.) TOC and d.) TTHMs.  In 3c, a regulatory TTHM limit of 80 ug/l is shown for reference and a 
dashed line connects data points to depict seasonal trends.  For clarity of presentation, additional statistical analysis associated with 
4.3a and 4.3c can be found in Table A5.  
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Higher TTHM concentrations in the late summer rather than in the spring runoff 

(when TOC is at a maximum) for MPB-impacted watersheds could be explained by 

different hydrologic flow path dynamics during the low-flow season. THM and HAA 

formations are due to the chlorination of aromatic and aliphatic ! -dicarbonyl moieties 

within NOM. 1,3-dihydroxyaromatic-type structures dominate the hydrophobic (humic 

and fulvic acids) fractions of NOM and are known precursors of THMs (Jung and Son, 

2008) while aliphatic ! -keto-acid-type structures residing in the hydrophilic fraction are 

known precursors for HAAs (Dickenson et al., 2008). Humic and fulvic acids have been 

shown to dominate the later stages of runoff in lodgepole pine forests (Yavitt and Fahey, 

1986; Beggs and Summers, 2011) thus imparting higher TTHM concentrations despite 

lower TOC levels.  Because it has been shown that the hydrophobic proportions of TOC 

are higher in the low-flow season (Hyung Kim and Yu, 2005) (typically the third quarter 

in semi-arid regions of North America), it would be insightful to determine if there is a 

resulting higher TTHM formation potential. This could be of particular concern as 

modeling (Mikkelson et al., 2013d) and field results (Potts, 1984; Pugh and Small, 2011) 

have demonstrated an increase in the duration of low-flows in impacted watersheds. 

With the major increase in TTHM occurring around 2008, we compared the 

yearly water quality data before and after 2008, approximately 3-4 years after the MPB 

infestation began in the majority of watersheds in Colorado.  It has been shown that after 

a tree becomes infested with beetles it can take between 3-5 years for the needles to drop 

on the forest floor (Klutsch et al., 2009). Hence, it stands to reason that a shift in the TOC 

concentrations in the water supply might occur around 2008-2009, corresponding to 

maximized forest floor litter, increased degradation of downed litter, and the largest 

hydrologic changes.  

Table 5.2 shows the range of TOC and TTHM values in MPB watersheds grouped 

before and after 2008. TOC concentrations are significantly larger (p=0.01) since 2008, 

while TOC concentrations in control watersheds are significantly smaller (p < 0.04) since 

2008.  An analogous trend can be observed for TTHM concentrations when contrasting 

MPB-infested watersheds with control watersheds (p < 0.04). In contrast, no significant 

difference in HAA5 concentrations in either MPB-impacted or control watersheds was 

observed. 
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Table 5.2 Comparison of TOC and DBP concentrations before and after 2008 between MPB-infested sites 
(grey rows) and control sites (white rows). The mean from pre-2008 spans the years 2004 through 2008 
and the mean post-2008 spans the years 2009 through the third quarter of 2011.  The Mann-Whitney tests 
are at a 5% significance level (!  = 0.05) ; n1 and n2 give the number of samples before 2008 and after 
2008, respectively.*Actual value is 0.002. 

Analyte 
Tested  

MPB/ 
Control  P-value 

Mean Pre-
2008 Mean Post-2008 n1, n2 

HAA5 Control 0.84 6.7 6.6 104, 75 

  MPB 0.22 28.8 26.3 106,92 

TTHM Control 0.97 10.9 10.2 104, 75 

  MPB 0.04 28.8 37.6 109, 92 

TOC Control 0.04 0.70 0.62 250, 191 

  MPB 0.01 2.5 2.7 216, 227 
 

Interestingly, while differences were observed between the impacted and control sites 

with respect to both DBPs (Figure 5.1B, 5.1C), only TTHMs were observed to increase 

temporally in MPB watersheds. The cause for this difference is uncertain, and it is possible that 

NOM released as a result of MPB impact has a higher TTHM than HAA5 formation potential.  

Regardless of this uncertainty, our findings still reveal a significant temporal trend with regard to 

TTHM in impacted watersheds.  According to Beggs et al. (2011), after two months of 

degradation, pine litter leachate becomes significantly more aromatic and hydrophobic and it is 

possible that the transported TOC is in this stage of degradation.  It has also been found that 

clear-cutting (an analogous process to bark-beetle mortality with some notable differences) 

results in the leaching of more aromatic organic matter (Dai et al., 2001).  It is possible that 

similar mechanistic and hydrologic changes occur in a bark-beetle infestation as do in clear-

cutting forests; while not necessarily resulting in increased TOC flux, the characteristics of the 

TOC could be altered inducing higher TTHM levels.  

This study presents evidence of water-quality impacts from a climate-induced 

phenomenon in the Rocky Mountain region of North America.  The data provides evidence for 

changing TOC concentrations and characteristics after large-scale forest die-off from beetle 

infestations.  Most notably this was observed as a significant increase in THM formation, 

especially in late summer and early fall months; however, at present a similar concern is not 



!

! ! 76 

apparent for HAA formation.  As the trees continue degrading and the hydrologic regime 

changes, it will be interesting to observe whether the leachate characteristics change, such that 

the organic material has a higher proportion of hydrophilic acids and thus HAA5 formation 

becomes more of a concern.  Current EPA regulations stipulate that the yearly average of TTHM 

must be below 80 ug/l (EPA, 2010), and the present trend encroaches on this maximum 

contaminant level (MCL) for two out of four quarters in the impacted watersheds, where TTHM 

levels are highest during the 3rd quarter.  

Current effects appear to be associated with a pulse of needle fall several years after 

initial infestation, which is when hydrologic and biogeochemical changes may be maximal; 

however, the cumulative effect on water quality remains unknown as fractal residence times in 

watersheds could create tailing (Kollet and Maxwell, 2008) that may minimize peak effects, but 

lead to a longer duration of water-quality impact.  In the ensuing decade skeletal trees will begin 

to fall and degrade while new vegetation will grow, and it is unclear what effect this sequence 

may have on overall water quality.  With the changing climate altering ecosystem dynamics, and 

in the case of bark-beetles, expanding their influence, it is important that we add water quality to 

the growing list of potentially adverse outcomes. 

5.2 Methods 

5.2.1 Source Waters and Data Collection 

 Water quality data was publically available and collected from the Colorado Department 

of Public Health and EnvironmentÕs records or directly from the water treatment facilities.  Data 

from nine different treatment plants were used which included four control facilities (Aspen, 

Carbondale, Glenwood Springs and Gypsum). While some of the control watersheds have 

experienced small-scale infestation or are linked to areas of higher impact, the degree of impact 

is modest when contrasted with the five MPB-impacted facilites (Kremmling, Steamboat, Winter 

Park, Dillon and Granby; Figure 1.1 and Figure 5.2).  Bark-beetle infestation was determined 

using Arc-GIS to calculate the average number of trees killed by beetles per acre within each 

watershed.  Control watersheds were delineated by having approximately a quarter or less of the 

degree of impact as MPB-impacted watersheds.  Watershed characteristics and associated degree 

of impact were determined using ArcGIS and aerial survey data conducted by the USDA Forest 

Service.  All areas are mid to high elevation (Table A1) and are located in the mountainous 

regions of Colorado with similar soil and land use characteristics (Figure 5.2).  



!

! ! 77 

While Winter Park and Dillon primarily use a groundwater supply and Carbondale, 

Aspen and Steamboat use both groundwater and surface water supplies, the remaining water 

treatment facilities receive the majority of their water from surface water sources (Table A1).  

The treatment facilities use direct filtration (Carbondale, Gypsum, Kremmling, and Dillon) or 

flocculation/sedimentation followed by filtration (Glenwood Springs, Aspen, Granby and 

Steamboat Springs), except for Winter Park, which only uses an ozonation system to treat their 

water, and hence, does report TOC levels.  Flocculation/sedimentation can lead to higher TOC 

removal than just direct filtration; however, minimal TOC was removed from Aspen and 

Glenwood Springs treatment plants after flocculation and sedimentation (with an average loss of 

0.07 mg/l for Aspen and 0.27 mg/l for Glenwood Springs).  For the impacted sites using this 

treatment process, this is less of a concern as we still saw increases in THM levels despite 

flocculation/sedimentation.  Ozonation can also result in lower DBP concentrations than other 

treatment trains; however, Winter Park is the only facility to use ozonation and is located in an 

infested watershed, which only increases the significance of the findings.  Carbondale, 

Glenwood Springs, Kremmling and Aspen all use chlorination pre and post-treatment, while the 

remaining five only chlorinate post-treatment (Table A1). 

 Starting in 2004, water treatment facilities in Colorado were required to submit quarterly 

reports as a result of EPA-instigated Stage 1 and Stage 2 Disinfectants and Disinfection 

Byproducts Rules for groundwater and small surface water systems (EPA, 1998).  Sampling 

frequency of DBPs and TOC differs depending on the size of the population the treatment 

facility serves and whether or not the facility uses surface or groundwater. The quarterly reports 

from 2004 to Summer 2011 were used for the statistical analysis performed herein.  Even though 

some of the forests experienced infestation prior to 2004, the absence of data creates a defining 

starting point for the data set.  The water quality data includes TOC, TTHM (the mass 

concentration sum of bromodichloromethane, dibromochloromethane, bromoform and 

chloroform) with chloroform being the dominant THM in the data analyzed and five haloacetic 

acids (HAA5; the mass concentration sum of monochloroacetic acid, dichloroacetic acid, 

trichloroacetic acid, monobromoacetic acid and dibromoacetic acid) where dichloroacetic acid 

and trichloroacetic acid are the dominant HAAs present in the analyzed data.  Samples are 

typically taken for TOC at the intake of the treatment plant.  All of the facilities sample for DBPs 

at the maximum residence time distribution point as is required for most facilities via EPA 
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standards (EPA, 2010).  There is a gap in all facilitiesÕ TOC data from April 2006 to June 2007 

for unknown reasons. 

 Colorado average monthly precipitation and temperature data from 2004-2011 was 

evaluated for atypical years.  None were found.  An example areaÕs climatic trends can be found 

in supplementary Figure A1. 

5.2.2 Analysis of Water Quality Data 

 The quarterly reports from 2004 to Summer 2011 were used for statistical analyses.  The 

Mann-Whitney non-parametric test was used to compare mean TOC, mean TTHM and mean 

HAA5 concentrations in MPB infested watersheds versus control watersheds as the distributions 

were skewed left due to sample values of zero.  Data were delineated quarterly and analyzed for 

seasonal differences by averaging each facilityÕs quarterly data for every year (2004-2011) and 

comparing it to the yearly average.  The standard EPA sampling quarters were used and are 

defined as follows: Q1 = January Ð March, Q2 = April Ð June, Q3 = July Ð September, Q4 = 

October Ð December. 

The seasonal Mann-Kendal non-parametric test was used to analyze temporal trends 

associated with TOC and TTHM data for both MPB and infested data sets as it is typically used 

in trend analysis for hydrologic variables with a seasonal dependence (Partal and Kahya, 2006).  

In the TOC quarterly data sets, the missing data was interpolated by averaging two measured 

values before and after the missing data point.  The time series was then decomposed so that the 

trend and seasonality in the data could be extracted.  The Mann-Kendall test was then run on the 

trend component of the time series to determine whether KendallÕs tau was significantly different 

from zero, which would indicate a trend. 

 The Mann-Whitney non-parametric test was also used to assess mean TOC, TTHM and 

HAA5 values before and after impact of all individual water treatment facilities and of binned 

control and MPB-infested facilities.  A temporal comparison of before and after 2008 was 

conducted to determine how many years it took post infestation to see an increased TOC flux due 

to maximized forest floor litter.  All pre-2008 data was averaged and compared to averaged post-

2008 data.  The year of 2008 was chosen as the delineation between high and low concentrations 

of TOC and TTHMs as the Mann-Kendall trend analysis showed an increasing trend in both 

analytes beginning around 2008 (Figure 5.3B and 5.3D). 
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CHAPTER 6 

CONCLUDING REMARKS 

 

This research addressed how a bark beetle epidemic will impact hydrological and 

biogeochemical cycles in forested watersheds that experience large-scale mortality. While the 

research presented focuses on hydrological and biogeochemical changes during a mountain pine 

beetle infestation in lodgepole pine forests, the overarching conclusions may be applicable to 

analogous beetle-infested watersheds found in forested regions throughout the world (i.e. Asia 

and Europe). While this section will not repeat all of the individual conclusions found from each 

study presented, it will describe broader conclusions generated from this research and a potential 

future direction for this research. 

Bark beetle infestations have reached epidemic proportions in the past decade due to 

changing climatic factors.  Changes to the climate are predicted to intensify future outbreaks due 

to warming temperatures, changing precipitation regimes and drought stress (Allen et al., 2010; 

Maness et al., 2012; Williams et al., 2012; Raffa et al., 2013), forever altering the forested 

watersheds. As these forested regions adapt, their local hydrology and biogeochemistry is 

expected to change. The hydrological modeling study presented here (Chapter 3) suggests that 

impacted watersheds will experience an increase in snowpack, especially after the trees loose 

their needles.  Recent field studies have seen variable changes to snowpack that are more 

dependent on wind relocation and latitude (Winkler et al., 2010; Pugh and Small, 2011; 

Biederman et al., 2012), which suggests that these additional variables also need to be 

considered. The modeling study also saw variable changes to evapotranspiration dependent on 

competing components such as decreased transpiration and increased ground evaporation. Lastly, 

increased soil moisture was observed after beetle infestation and the magnitude of that increase 

was dependent on season. The results of this study re-emphasize how different climatic and 

geographic factors can influence observations in bark beetle-impacted watersheds. 

Shifting hydrologic factors and alterations to biogeochemical inputs in beetle-impacted 

watersheds will combine to impact local and possibly regional water quality.  With changing 

dissolved organic carbon inputs, we have also observed the probability of increased metal 

mobility and accumulation (specifically Zn, from the leaching and degradation of pine needles) 

beneath beetle-killed trees as was simulated in laboratory column experiments and field samples 
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(Chapter 4).  It is still unknown if the increased metal concentrations will be seen in adjacent 

surface and groundwaters as sorption and hydrologic flow paths can hinder metal migration. 

Along with changes to metal concentrations, we have shown adverse impacts to water quality at 

water treatment plants located in pine beetle-impacted areas as terrestrial organic carbon input to 

the forest floor is altered (Chapter 5). Whether or not these phenomena are conserved across 

various landscapes with differing climatic, hydrological and botanical features is yet to be 

addressed. 

As this research has observed specific changes to beetle-infested forests such as changes 

to organic carbon cycling and increased soil moisture and temperatures, it is likely that 

subsurface microbial communities are playing a large role in the regulating and recycling of 

organic carbon. It would be very insightful to determine how these biogeochemical factors are 

combining to alter the subsurface microbial assemblage beneath beetle-killed trees, and in turn, 

how the microbial communities are adapting and altering organic carbon degradation and 

composition. Microbial community structure and its contribution to carbon degradation, 

particularly as it relates to selective pressures exerted by a changing biogeochemical 

environment after large-scale tree mortality, is not well understood. Research in this area would 

further the link between observed human health issues at water treatment facilities located in 

bark beetle-infested watersheds with the underlying microbial communities and processes that 

are altering carbon input to water treatment facilities as well as set a foundation for 

understanding other potential carbon budget changes to the hydrosphere and atmosphere.  
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Appendix 1: Additional Tables and Figures 

 
Figure A1 Monthly average temperature and total monthly precipitation. Data presented is for 
Kremmling, Colorado from 2004 through 2011 and is representative of climatic trends within 
Colorado during the presented time period.  Monthly total precipitation increased by 0.0005 
mm/year and monthly mean temperature increased by 0.0001 degrees Celsius/year since 2004, 
both of which are insignificant.  
 
 

   
Figure A2 Metal concentrations and associated error bars from duplicate column experiments. 
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Figure A3 DOC concentrations and associated error bars from duplicate column experiments.  
 
 

 
 

Figure A4 Effluent pH and NO3 values throughout the experimental duration in the PNT (A,C 
respectively) and RW (B,D respectively) columns. 
 
 
 
 
 
 
 

 
 
Figure S3: Effluent pH and NO3 values throughout the experimental duration in the PNT 
(A, C respectively) and RW (B, D respectively) columns. 
!
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Table A1 Water treatment facility information.  

 
All nine different water treatment facilities and their respective watershed characteristics and treatment processes are listed. 
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Table A2 Individual treatment facility statistical analysis. 

 
Mann-Whitney tests run on each individual treatment facilityÕs data (TOC, TTHM and HAA5) 
from 2004-2011.  A p-value of zero indicates a value less than 0.0001. ÒNAÓ represents 
unavailable data.   
 
!

Location
MPB/ 

Control Analyte Increase?
Mean Pre-

2008
Mean Post-

2008 P-value
Steamboat MPB TOC yes 2.4 2.6 0.06

TTHM yes 33.8 40.6 0.96
HAA5 yes 39.6 43 0.54

Kremmling MPB TOC yes 2.6 2.8 0.002
TTHM yes 22.8 26.5 0.58
HAA5 yes 15.6 26.2 0.04

Dillon MPB TOC yes 1.1 1.4 0.05
TTHM no 23.4 18.3 0.26
HAA5 no 18.2 9.5 0

Granby MPB TOC yes 2.7 2.9 0.29
TTHM yes 32.8 38.44 0.3
HAA5 no 28.6 10.7 0.015

Winter Park MPB TOC NA NA NA NA
THM yes 30 48 0.01

HAA5 no 34.4 25.5 0.12

Aspen Control TOC no 0.51 0.51 0.72
TTHM no 12.2 11.6 0.97
HAA5 yes 8.65 9.94 0.86

Carbondale Control TOC no 0.45 0.05 0
TTHM yes 5.54 7.2 0.21
HAA5 yes 1.71 3.36 0.001

G. Springs Control TOC no 1.1 1.1 0.6
TTHM yes 22.5 25.1 0.61
HAA5 yes 17.4 19.4 0.25

Gypsum Control TOC no 0.7 0.42 0.006
TTHM no 8.43 6.89 0.57
HAA5 no 2.83 1.4 0.82


