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ABSTRACT 

 Over the last two decades, increasing temperatures and drought conditions have 

caused unprecedented bark beetle infestation across western North America. As forest 

die-off ensues, several aspects of the hydrologic cycle are altered due to canopy loss, 

altered evapotranspiration, and decreased water uptake by infested trees. Additionally, 

the cessation of root exudates along with the decay of enhanced litterfall following tree 

death alters biogeochemical cycling. These shifts may alter water quality or produce 

nutrient feedbacks into the atmosphere and hydrosphere. While modeling and field 

investigations have begun to elucidate these responses, questions still exist regarding 

whether a certain level of infestation is required to produce these secondary effects along 

with perceptions of increased fire risk that drive forest management policies. This work 

focuses on the ecological and biogeochemical shifts that occur following beetle 

infestation by investigating 1) shifts in aromatic carbon loading and subsequent 

disinfection byproduct (DBP) formation potential in beetle-impacted watersheds, 2) 

alterations in fire severity following mountain pine beetle infestation, and 3) how 

geochemical responses within soil horizons are influenced as a function of localized tree 

mortality severity.  

 Analysis of quarterly municipal monitoring data from 2004-2014 from six 

municipalities in the Rocky Mountain region of Colorado containing varying levels of 

beetle infestation were analyzed. Watersheds containing >50% areal infestation were 

found to have significantly increasing total organic carbon and DBP concentrations, with 

increases continuing nearly one decade after initial infestation. Alarmingly, DBP 

concentration trends at high-impact sites were found to exceed regulatory maximum 

contaminant levels during the final two years of analysis (2013-2014). Focused surface 

water sampling at each municipality further revealed elevated carbon loading and 

aromaticity in beetle-impacted sites, increasing DBP formation potential particularly 

during precipitation events. This additional sampling supports the hypothesis that 

degrading tree material along with elevated groundwater tables may be impairing surface 

waters used for human consumption following extensive beetle infestation.  
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 The relationship between mountain pine beetle infestation and fire severity was 

analyzed from 2000-2014 across the Western United States. Maps delineating zones of 

beetle-impacted lodgepole and ponderosa pine forest were overlain with remote sensing 

fire severity data products providing validation across a range of ecoregions and fire 

conditions. Results demonstrate a decline in fire risk following beetle infestation with 

beetle-impacted forests burning 65-77% and 90-94% as severely compared to unimpacted 

controls; respectively, for lodgepole and ponderosa pine. Forest management decisions 

should be wary in removing beetle-impacted forests to mitigate fire threats as these 

actions may not reduce fire risk and can have unintended impacts to water quality.  

 Finally, as the severity of beetle infestation within a forest may impact 

biogeochemical response, near surface horizons (litter, organic, and mineral soil) were 

sampled below live and beetle-killed lodgepole pine trees surrounded by varying extents 

of tree mortality to investigate potential compensatory effects from surviving trees. While 

some edaphic parameters were significantly different between green and grey phase trees 

(water content, pH, soil respiration) many biogeochemical signatures tracked with the 

extent of surrounding tree mortality (carbon aromaticity, C:N ratio, ammonium). 

Furthermore, the proportion of ammonium in the total nitrogen pool primarily increased 

once surrounding tree mortality exceeded 40%, demonstrating compensatory effects from 

surrounding live trees when infestation levels are minimal. Declining C:N ratios and an 

elevated proportion of ammonium indicate an enrichment of nitrogen in this N-limited 

ecosystem which may promote regrowth after forest disturbance.  
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CHAPTER 1 

INTRODUCTORY REMARKS 

 Recent drought and warmer temperatures associated with climate change have 

increased the magnitude and scale of forest mortality (Williams et al., 2010), with 

continued widespread conifer loss predicted in the coming decades (McDowell et al., 

2015). These land cover disturbances can impact hydrologic and biogeochemical cycles, 

as well as alter water quality and quantity making source waters more difficult to treat 

(Agriculture, Hydrology and Water Quality, 2002; Mikkelson et al., 2013a; Smith et al., 

2011; Tong and Chen, 2002). For instance, forest fires and flood events are natural 

disturbances that rapidly alter surface waters, leading to an increase in nutrient content, 

suspended solids, and sediment loading in adjacent streams and storage reservoirs (Burke 

et al., 2013; Smith et al., 2011; Whitworth et al., 2012). Alternatively, anthropogenic 

disturbances such as timber harvesting can also impact organic carbon, major ions, and 

nitrate concentrations in proximal waters (Kalbitz et al., 2004; Likens et al., 1970; 

Vitousek et al., 1979). Studying shifts in vegetation response and biogeochemical cycling 

after forest disturbances can help predict and address nutrient flux in analogously 

impacted systems.  

 A large portion of the forest mortality occurring across North America can be 

attributed to bark beetle infestation. Although indigenous, bark beetles have impacted 

millions of hectares of evergreen forest across the western United States and Canada over 

the last two decades due to warming temperatures and drought conditions (Park Williams 

et al., 2012; Raffa et al., 2008; Williams et al., 2010). Analogous infestations are also 
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occurring in coniferous regions of Europe (Štursová et al., 2014) and Asia (Tokuchi et al., 

2004) as well as deciduous portions of North America (Herms and McCullough, 2014). 

The focus of this thesis will be investigating the biogeochemical and ecological shifts that 

occur following beetle-infestation in the Rocky Mountains and Western United States.  

 As beetle-induced tree mortality occurs, shifts in aqueous carbon cycling have 

been shown to alter water quality in municipal watersheds (Mikkelson et al., 2013b). This 

may create the need to more actively manage source waters or expand technologies used 

in drinking water treatment facilities. The second chapter of this thesis focuses on water 

quality effects associated with this type of forest disturbance. We hypothesized that 

surface waters in beetle-impacted watersheds display higher carbon loading and more 

aromatic carbon character compared to control watersheds, which subsequently increases 

disinfection byproduct formation potential. However, we predicted that these shifts in 

water quality only occur in watersheds experiencing a certain level of beetle infestation.  

 As beetle-induced tree mortality occurs, alterations to the hydrologic and 

biogeochemical cycle alter water quality (Figure 1.1). Initially within the first year of 

infestation, tree death occurs and water uptake ceases, increasing water tables particularly 

during the summer and fall (Bearup et al., 2014; Penn et al., 2016). Additionally, 

production of root exudates ceases causing a decline in organic carbon inputs into the soil 

(Moore et al., 2013; Štursová et al., 2014). After the tree stops transpiring, needles turn 

red and fall to the ground in a comparatively rapid pulse (1 to 3 years post-infestation). 

Eventually roots decompose and the tree falls to the forest floor (Mikkelson et al., 

2013a). Deposits of needles and other tree components after forest die-off contain high 

molecular weight compounds such as lignin and cellulose that are recalcitrant in character 
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(Štursová et al., 2014; Weintraub et al., 2007). Annual litterfall rates double for several 

years after infestation (Kaňa et al., 2012) leading to elevated organic pools in upper soil 

horizons beneath impacted trees (Huber et al., 2004; Kaňa et al., 2012) which may 

change the composition of surface and ground water sources. 

 

Figure 1.1: A conceptual diagram depicting hydrologic and biogeochemical shifts 
associated with bark beetle infestation (Brouillard et al., 2016). 

 

 These waters can experience increases in disinfection byproduct (DBP) formation 

during drinking water treatment as added chlorine comes into contact with humic and 

fulvic fractions of natural organic matter. Resultant DBPs including trihalomethanes 

(THMs) and haloacetic acids (HAAs) (Grünwald et al., 2002; Jung and Son, 2008; 

Nikolaou and Lekkas, 2001) are regulated by the Environmental Protection Agency’s 

(EPA) Stage 1 and 2 Disinfection Byproduct Rules and are known carcinogens 

(Comprehensive Disinfectants and Disinfection Byproducts Rules (Stage 1 and Stage 2): 

Quick Reference Guide, 2010; Richardson and Postigo, 2011). A recent investigation 

revealed elevated total organic carbon (TOC) levels in beetle-impacted municipal water 
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sources compared to control municipalities, while median effluent DBP concentrations 

were tenfold higher in beetle-impacted municipalities compared to control municipalities 

(Mikkelson et al., 2013b).  

 To further elucidate these changes, water quality was investigated in six 

municipal watersheds within the Colorado Rocky Mountains that contained varying 

degrees of beetle infestation. Historical TOC and DBP data from 2004-2014 was first 

compared to level of impact. Although this historical regulatory data allowed analysis of 

altered water quality parameters across a timeframe associated with the expansion of 

beetle infestation within each watershed, this dataset contained uncertainties related to 

variable water treatment operation, sample timing, and other collection biases. To help 

alleviate these uncertainties, surface water sampling at the intake of each of the six water 

treatment facilities were collected for ~1.5 years to gain additional insights into the 

drivers of increased DBP formation potential including aromatic carbon content, seasonal 

variations, and hydrologic shifts.  

 When the findings from chapter two were presented to water utility managers and 

various stakeholders at American Water Works Association events, many of the 

participants were mainly concerned about increased wildfire severity following beetle 

infestation and the secondary impacts to water quality associated with fire events. To 

address these concerns, chapter three investigates whether increased fire severity is 

visible following mountain pine beetle infestation across the Western United States. We 

hypothesized that fire severity would decline in beetle-impacted forests due to reduction 

in fuel loads associated with canopy loss.  
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Wildfire frequency has increased over the last two decades due to drought and 

warmer temperatures (“A burning issue for insurers?,” 2013; Park Williams et al., 2012; 

Westerling, 2006; Williams et al., 2010) which has sizeable implications for property 

damage and human health impacts. Societal concern regarding fires has heightened in 

part due to increased development in the wildland-urban interface (“A burning issue for 

insurers?,” 2013; Calkin et al., 2014) with total economic losses from fire in the US 

doubling from $6.8 billion from 1992-2001 to $13.7 billion from 2002-2011 (Haldane, 

2013). Beetle infestation has also caused a striking visual of expansive red and grey 

phase forests, which has raised questions from the public regarding correlations between 

the vast amount of dead fuel from beetle-induced tree mortality and subsequent shifts in 

fire danger.  

 Specifically, questions exist about whether shifts in surface and canopy fuels from 

beetle-induced tree mortality lead to increased burn severity (Hicke et al., 2012). Burn 

severity is traditionally defined as the qualitative assessment of soil heating, consumption 

of litter, duff, and the organic layer beneath vegetation, and the mortality of underground 

plant parts (“Glossary of Wildland Fire Terminology,” 2014). In chapter three, burn 

severity is evaluated based on the effects of fire on above-ground biomass. Within one 

year following beetle infestation, needles turn red. Increases in ignition, torching 

potential, and crown fires have been predicted due to lower foliar moisture, non-fiber 

carbohydrate, and crude fat content which increase flammability (red phase, Figure 1.2) 

(Hicke et al., 2012; Jolly et al., 2012; Page et al., 2012). Approximately three to four 

years after tree mortality, needles and twigs drop to the forest floor (grey phase, Figure 

1.2) (Hicke et al., 2012). This decreases canopy fuel loads and lowers crown fire risk; 



 
6 

however, elevated forest floor fuels may increase ground fire severity while vegetation 

regrowth or increased tree fall may provide ladder fuels that carry fire into the crown, 

possibly counteracting lower crown fire risk due to decreased canopy bulk density (Hicke 

et al., 2012; Jenkins et al., 2014).  

Figure 1.2: Alterations to forest structure and fuel loads following beetle infestation that 
may affect fire severity. 

 

Although recent studies have begun to elucidate the links between beetle 

infestation and wildfires (Bebi et al., 2003; Harvey et al., 2014; Hoffman et al., 2013; 

Lynch et al., 2006; Meigs et al., 2015; Schoennagel et al., 2012; Simard et al., 2011), 

there is a range of conflicting viewpoints regarding the effects of beetle impact on fire 

behavior and empirical observations are lacking. It is clear that beetle infestation alters 
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fuel loads. Stand-level fire behavior models suggest that these shifts change fire behavior 

(Hoffman et al., 2013; Jenkins et al., 2014; Schoennagel et al., 2012; Simard et al., 2011), 

yet it is uncertain if these fuel loads lead to observable changes in observed fire severity. 

Retrospective studies using discrete fire localities have reported varying effects of beetle 

outbreaks on fire behavior (Harvey et al., 2014; Kulakowski and Velben, 2007; Lynch et 

al., 2006). Additionally, beetle infestations in previous fire-related studies do not always 

compare in size, extent, and severity to the current outbreak or the fires analyzed were 

limited in number providing results for a limited set of fire conditions or infestation stage 

(Meigs et al., 2016). These uncertainties emphasize the importance of validating model 

results and expanding conclusions found through discrete fire analysis by conducting 

large-scale, spatial and temporal analysis of observed landscape disturbance trends. Yet 

to date, few studies have taken this approach to evaluate the impacts bark beetle 

infestation has on fire risk. A recent study that utilized this approach contradicted the 

expectation for increases in burned mountain pine beetle (MPB) area following 

infestation; specifically, no differences were found in expected and observed wildfire 

burn area during three peak fire years across the Western US (Hart et al., 2015). 

Additionally, recent work conducted in the US Pacific Northwest found that fire severity 

within MPB and western spruce budworm impacted forests reduced subsequent fire 

severity (Meigs et al., 2016). 

In chapter three, the links between fire severity and beetle infestation are analyzed 

from 2000-2014 across the Western United States. Zones of mountain pine beetle 

infestation were overlain with fire severity maps to determine if fire severity increased 

with this form of forest disturbance. Severity analysis was conducted in both lodgepole 
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and ponderosa forests using three different remote sensing fire severity products (dNBR6, 

dNBR, and RdNBR).  Over 600 forest fires were analyzed covering a range of 

topography and ecoregions to address public concern and contribute to the growing body 

of research evaluating the links between beetle infestation and fire severity.  

Chapter four focuses on evaluating whether biogeochemical response below 

beetle-infested trees is dictated by the severity of surrounding tree mortality (dead 

trees/total number of trees). For this chapter, we hypothesized that biogeochemical 

signatures remain stable until a certain threshold level of beetle infestation occurs, due to 

compensatory effects from surrounding live trees. Inspiration for this research question 

came from the results in chapter two where shifts in water quality were only found in 

high-impacted watersheds (>50% areal infestation) along with prior work where edaphic 

parameters were altered under trees in a severely infested forest (85% mortality) while 

parameters were comparatively stable between green and grey trees in another forest that 

experienced lower beetle-induced tree mortality (Mikkelson et al., 2015). 

Biogeochemical cycling in montane and subalpine forest soils has important implications 

for water quality, ecosystem resilience, and atmospheric feedbacks to a warming climate 

(Jandl et al., 2007; Lal, 2005). This work can elucidate when and where these responses 

occur following beetle infestation. While a critical component in climate forecasting 

(Falkowski et al., 2000), knowledge gaps exist in this are due to the highly 

heterogeneous, interdependent, and biological variances in natural systems (Schimel and 

Bennett, 2004). In extreme instances, bark beetle-induced tree mortality has the potential 

to change forests from carbon sinks to sources, potentially intensifying climatic feedback 

loops that will persist after impact (Kurz et al., 2008; Wear and Coulston, 2015). 
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Furthermore, in some watersheds, large-scale beetle-induced forest disturbances have 

been shown to affect water quantity and quality (Bearup et al., 2014; B. M. Brouillard et 

al., 2016; Mikkelson et al., 2013b) while altering terrestrial carbon (C) and nitrogen (N) 

cycling (Mikkelson et al., 2013a; Morehouse et al., 2008; Norton et al., 2015; Trahan et 

al., 2015). 

Soil biogeochemical parameters such as N and C pools, pH, and water content are 

affected by tree mortality after bark beetle infestation; however, there is significant 

variability in the magnitude of these responses (Mikkelson et al., 2013a). After bark 

beetles infest and kill a tree, C and N inputs to the soil system are altered (Figure 1.3). 

Initially, as transpiration ceases and photosynthesis stops, root exudates are no longer 

excreted and a source of labile C in the subsurface is lost (Grayston et al., 1997). After 

several years in the dead “red” phase, beetle-killed trees progress to the grey phase, 

during which there is a large increase in recalcitrant organic matter input as needles and 

coarse woody material fall from dead trees (Edburg et al., 2012). Needle litter from 

beetle-killed trees is also N-enriched relative to naturally-senesced litter (Griffin et al., 

2011; Morehouse et al., 2008) potentially increasing the terrestrial contribution to the 

subsurface N-pool. These litter inputs then decay and transformed compounds are 

leached and transported over time from the litter horizon downward through the organic 

and mineral horizons. 
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Figure 1.3: Conceptual diagram demonstrating shifts in carbon and nitrogen cycling and 
associated processes that cease (marked with red x) following beetle-induced tree 
mortality. 

 

Altered inputs of C and N along with speciation shifts following beetle-induced 

tree mortality can create notable secondary effects that have implications for altered 

gaseous and aqueous flux to the atmosphere and hydrosphere. For example, the flux of 

greenhouse gases such as CO2 may decline as root respiration ceases, heterotrophic 

respiration from root-associated microbial communities declines, or shifts to abiotic 

processes and changing C-N pools occur (Barrena et al., 2013). Similarly, increases in 

aqueous outputs such as nutrients and dissolved organics may have downstream effects 

on ecological processes and drinking water quality. In addition to the prior mentioned 

findings where mountain pine beetle-impacted watersheds in the Colorado Rocky 

Mountains were linked to increased organic carbon and disinfection byproduct formation 
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potential at downstream water treatment plants (B. M. Brouillard et al., 2016; Mikkelson 

et al., 2013b), bark beetle-impacted forests in the comparatively nitrogen rich soils of the 

Czech Republic have been linked to increased nitrate runoff, threatening water sources 

with eutrophication (Huber, 2005; Zimmermann et al., 2000).  

To investigate whether the level of tree severity impacts biogeochemical response 

in chapter four, we sampled near surface soil horizons (litter, organic layer, and mineral 

soil) beneath green (n=7) and grey (n=31) phase lodgepole pine trees located in the 

Colorado Rocky Mountains. Eight-meter radius plots were established around each 

sample tree and the numbers of surrounding dead and live trees were counted. The 

severity of tree mortality was then calculated in each plot and compared to a suite of 

biogeochemical parameters (pH, water content, soil respiration, C and N species). 

Sampling was conducted over two subsequent summers for temporal reproducibility and 

to investigate whether biogeochemical shifts occur during different moisture regimes.  
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CHAPTER 2 

WATER QUALITY FOLLOWING EXTENSIVE BEETLE-INDUCED TREE 

MORTALITY: INTERPLAY OF AROMATIC CARBON LOADING, DISINFECTION 

BYPRODUCTS, AND HYDROLOGIC DRIVERS 

 

Modified from a paper published in Science of the Total Environment1 

 

Brent M. Brouillard2,3,4, Eric R.V. Dickenson5, Kristin M. Mikkelson2,3, Jonathan O. 

Sharp2,3 

 

Abstract 

 The recent bark beetle epidemic across western North America may impact water 

quality as a result of elevated organic carbon release and hydrologic shifts associated 

with extensive tree dieback. Analysis of quarterly municipal monitoring data from 2004-

2014 with discretization of six water treatment facilities in the Rocky Mountains by 

extent of beetle impact revealed a significant increasing trend in total organic carbon 

(TOC) and total trihalomethane (TTHM) production within high (~>50% areal 

infestation) beetle-impacted watersheds while no or insignificant trends were found in 

watersheds with lower impact levels. Alarmingly, the TTHM concentration trend in the 

high impact sites exceeded regulatory maximum contaminant levels during the most 
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recent two years of analysis (2013-14). To evaluate seasonal differences, explore the 

interplay of water quality and hydrologic processes, and eliminate variability associated 

with municipal reporting, these treatment facilities were targeted for more detailed 

surface water sampling and characterization. Surface water samples collected from high 

impact watersheds exhibited significantly higher TOC, aromatic signatures, and 

disinfection byproduct (DBP) formation potential than watersheds with lower infestation 

levels. Spectroscopic analyses of surface water samples indicated that these heightened 

DBP precursor levels are a function of both elevated TOC loading and increased aromatic 

character. This association was heightened during precipitation and runoff events in high 

impact sites, supporting the hypothesis that altered hydrologic flow paths resulting from 

tree mortality mobilize organic carbon and elevate DBP formation potential for several 

months after runoff ceases. The historical trends found here likely underestimate the full 

extent of TTHM shifts due to monitoring biases with the extended seasonal release of 

DBP precursors increasing the potential for human exposure. Collectively, our analysis 

suggests that while water quality impacts continue to rise nearly one decade after 

infestation, significant increases in TOC mobilization and DBP precursors are limited to 

watersheds that experience extensive tree mortality.  

2.1 Introduction 

The research conducted in chapter two focuses on water quality shifts following 

beetle infestation. Although prior work has demonstrated that altered carbon cycling in 

infested forests increased TOC and subsequent DBP formation for municipalities reliant 

on source waters from beetle-impacted watersheds (Mikkelson et al., 2013b), questions 

still exist regarding shifts in organic carbon character and aromaticity following beetle 



 
14 

infestation as well as the timeframe associated with these shifts. Furthermore, extensive 

forest mortality alters hydrologic processes that may impact water quality. Trees no 

longer transpire within one growing season following infestation, decreasing vegetative 

water uptake from the subsoil (Hubbard et al., 2013). The resulting loss of needles and 

canopy cover also decreases interception, changing soil moisture and snowmelt patterns 

(Biederman et al., 2012; Mikkelson et al., 2013a). These alterations to the hydrologic 

cycle have been found to increase groundwater contributions to streams in the summer 

and fall months, change hydrologic flow paths, and create a lag in timing between annual 

peaks in TOC and DBP precursors that typically occur during spring runoff (Bearup et 

al., 2014; Mikkelson et al., 2013b; Penn et al., 2016). Previous historical analysis was 

limited to quarterly TOC and DBP data collected by treatment facilities for regulatory 

compliance (Comprehensive Disinfectants and Disinfection Byproducts Rules (Stage 1 

and Stage 2): Quick Reference Guide, 2010; Mikkelson et al., 2013b). This constraint 

obscures questions relating to seasonal timing and hydrologic drivers of water quality, 

differences in treatment operation, confounding variability in the blending of surface and 

groundwater, delineation of groundwater capture zones (Bakker and Strack, 1996), and 

groundwater residence times that can mitigate water quality impacts associated with land 

cover change (Baker et al., 2000; McGuire et al., 2005). These limitations inhibit the kind 

of predictive understanding necessary to inform long-term management and 

technological evolution following forest disturbance.  

Further investigation into water quality impacts following tree mortality can 

elucidate the timing and degree of organic matter loading in impacted watersheds along 

with changes in its structure. Noting the above limitations, our study analyzed additional 
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historical water quality data coupled to a surface water sampling campaign conducted 

from 2013-2014 that was designed to improve the resolution and interpretation of water 

quality impacts with further delineation of degree and timeframe of beetle impact. The 

objective of this work was to evaluate differences in organic carbon loading, character, 

and DBP precursors derived from montane catchments with varying degrees of beetle 

impact while delineating seasonal hydrologic shifts and drivers of these water quality 

parameters. The data presented here provides an example of how land cover change can 

alter biogeochemical cycling of carbon and associated shifts in seasonal water quality, 

which may be of interest to water providers and stakeholders experiencing beetle 

mortality or analogous watershed disturbances.   

2.2 Materials and Methods 

2.2.1 Watershed Classification 

 Beetle-impacted and control watersheds utilized by municipalities for drinking 

water in the Rocky Mountain region of Colorado were considered for analysis in this 

study. Historical water properties, water treatment practices, and soil characteristics are 

detailed in prior work (Mikkelson et al., 2013b). Municipal sources that utilized surface 

water were further considered for water quality analysis (Table SI-1). After removing one 

municipality that obtained surface water from irregular sources (a reservoir and a spring 

fed stream), six municipalities were selected for historical analysis and the expanded 

sampling campaign (Figure 2.1, page 17). 

 Temporal quantification of beetle infestation was quantified within each 

delineated watershed using ArcGIS software and United States Forest Service (USFS) 

Aerial Detection Survey data from 1994-2013. This provides shapefiles of tree mortality 
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with the associated damage causal agent. Only USFS shapefiles with bark beetles or 

disease complexes associated with beetle impact (5 needle pine decline, subalpine fir 

mortality, true fir pest complex, and pinyon pine mortality) listed as their damage causal 

agent were included in the analysis (Areas with tree mortality from bark beetles, 2014). 

The 2001 and 2011 National Land Cover Datasets (NLCD) were also used to determine 

the various land cover types in each watershed. The infestation shapefiles were then 

clipped by the evergreen and mixed forest land cover types found through the NLCD to 

ensure infestation areal accuracy.  

 After the infestation analysis, watersheds were labeled as either high, moderate, or 

low impact as of 2013 (Figure 2.1, page 17) depending on the areal percent of each 

watershed infested with bark beetles to allow historical and averaged seasonal trends to 

be easily depicted and characterized. Watersheds with less than 20% infestation area 

were considered low impact and were used as healthy controls (Aspen and Carbondale), 

watersheds with 20-40% infested area were considered moderate impact (Gypsum and 

Glenwood Springs), and watersheds with greater than 40% infested area were considered 

high impact (Granby and Steamboat).  

2.2.2 Long-Term Trends  

 Historical trend analysis of TOC and DBP concentrations was conducted 

beginning in 2004 with the introduction of expanded EPA regulatory monitoring 

requirements through 2014 to allow characterization prior to and following beetle 

infestation and build upon previous published historical analyses (Mikkelson et al., 

2013b). Historical water quality data were collected primarily from the Colorado 

Department of Public Health and Environment. Any missing data were collected directly 
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from water-treatment facility archives. Data were quality checked and boundaries were 

established as follows: (1) TOC concentrations that were 250% greater than the average 

monthly value were removed (limited to Granby in October, 2004) to correct for sample 

bias or extreme weather events and (2) recorded TOC and DBP concentrations below 

detection levels were reassigned to analytical detection thresholds of 0.5 mg/L for TOC 

and 1 ug/L for DBPs.  

 

Figure 2.1: Map of beetle infestation and the 6 sample locations analyzed in the study 
with diamonds denoting high beetle impact, squares denoting moderate impact, and 
triangles representing low impact watersheds. The inset depicts beetle infestation 
temporal trends from 2000-2013 for the analyzed watersheds delineated into the three 
infestation bins. The percent of forested area within each watershed impacted by bark 
beetles as of 2013 (as opposed to total area) is provided to the right of inset legend. 
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2.2.3 Influent Water Collection  

Aqueous samples were collected at municipal surface water intakes or sampling 

nozzles prior to the application of water treatment processes within 8 hours of one 

another for all six water treatment facilities during each sampling date. Samples were 

collected in amber glass bottles approximately monthly at each municipality during the 

snow-free window of May 2013 through December 2013 and more frequently during 

runoff events for improved water quality resolution. Four additional samples were taken 

from each municipality in the snow-free portion of 2014 as additional time points prior 

to, during, and after runoff. During winter months, samples were not collected as water 

characteristics (TOC, DBP formation potential) were stable and because of weather-

related access issues. Once collected, samples were shipped overnight on ice for 

laboratory analyses.   

2.2.4 Water Quality Analyses  

Influent water samples were tested for TOC, total nitrogen (TN), DBP formation 

potential, UV, and fluorescence. TOC and TN were analyzed using a Shimazdu TOC-

VCSH with a TNM-1 unit after acidification using 0.1 M HCL. The DBP formation 

potential test was performed using Standard Method 5710b. Samples were chlorinated at 

various concentrations using a sodium hypochlorite dosing solution, buffered to a pH of 7 

with phosphate (10 mM final concentration), and left at room temperature (approximately 

21oC). After seven days, free chlorine was measured and samples with a concentration 

closest to 3-5 mg/L (optimal for analysis by ensuring complete DBP formation) were 

then quenched. Chloroform, bromoform, bromodichloromethane, and 

dibromochloromethane were measured using a purge and trap gas chromatography-mass 
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spectrometer system, which were summed and reported as total trihalomethanes (TTHM) 

(U.S. EPA Method 524.2). Concentrations of monobromoacetic acid, dibromoacetic acid, 

monochloroacetic acid, dichloroacetic acid, and trichloroacetic acid were analyzed using 

liquid-liquid extraction followed by a gas chromatography-electron capture detector 

system (U.S. EPA Method 552.2), and were summed and reported as five haloacetic 

acids (HAA5). DBP concentrations were measured prior to the addition of chlorine 

during the early sampling events and concentrations were found to be below detection 

limits.   

UV spectroscopy was conducted using a PerkinElmer Lambda 45 UV/VIS 

spectrometer. Total specific UV absorbance (TSUVA) or the carbon-normalized 

aromaticity was calculated by dividing UV absorbance at 254 nm by TOC concentration 

which can indicate the degree of disinfection byproduct formation potential of a water 

sample (Kitis et al., 2001, 2004; Lu et al., 2009). Excitation emission matrices (EEM) 

were also collected using a scanning fluorometer (PTI QM4) for excitation wavelengths 

from 240 to 470 nm in 2.5 nm steps and emission wavelengths from 280 to 580 nm in 1 

nm steps. UV correction was conducted by running DI water blanks in conjunction with 

each sample to remove Raman scattering. The resulting EEMs were then carbon 

normalized and used to provide additional information on organic matter character. 

Specific peak intensities in the A and C regions were calculated. These peaks are 

associated with humic-like fluorescence with Peak C correlating with hydrophobicity, 

aromaticity, and THM formation potential (Bieroza et al., 2009; Coble, 1996; Kalbitz et 

al., 1999). Fluorescence index (FI) was calculated from the ratio of intensities at emission 

wavelengths 470 and 520 nm (both at an excitation wavelength of 370 nm), which has 
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been used to distinguish sources of aquatic fulvic acids (McKnight et al., 2001). 

Fluorescence regional integration (FRI) of 5 regions within the EEMs was also conducted 

to further quantify carbon character signatures (Chen et al., 2003). Additional information 

regarding carbon character analysis can be found in the supplementary information.  

2.2.5 Hydrologic Data  

Stream discharge data were collected during the ice-free season for 3 watersheds 

that contained United States Geological Survey (USGS) gauges (Aspen, Granby, and 

Steamboat). The gauge for Steamboat was located at the water quality sampling point 

while the other two gauges were located either upstream or downstream of the sampling 

location. Monthly precipitation rates and monthly average temperatures from 2004-2014 

and 30-year normals were collected from the National Climatic Data Center. Gauges 

closest to the watershed sampling points were selected for analysis. While a gauge 

collecting 30-year normals for Carbondale was not identified, climatic data for Glenwood 

Springs and Aspen likely reflects general trends in Carbondale due to their proximal 

nature (within 30 km).    

2.2.6 Statistical Analyses 

 Linear regression was utilized to determine historical trends in TOC, DBPs, and 

climate data from 2004-2014 in accordance with prior approaches (Mikkelson et al., 

2013b). All historical water quality and climate data utilized to investigate long-term 

trends were decomposed using moving averages to smooth seasonal differences. The 

Mann-Kendall test was then utilized to determine if decomposed trends were 

significantly different from zero (R Core Team, 2015). Friedman Tests were used to 

determine significant differences between high, moderate, and low impact sites for each 



 
21 

water quality parameter investigated during the sampling campaign. A post-hoc 

Wilcoxon test was then used to evaluate significant differences between two bins and 

compared high to moderate, high to low, and moderate to low impacted sites for all 

collected samples. Mann-Whitney tests were utilized to determine significance between 

2013-2014 climate data and 30-year normals. Pearson correlations were used to 

determine correlations between UV254, TSUVA, and DBP formation potential. P-values < 

0.05 were considered significant throughout the study. 

2.3 Results and Discussion 

2.3.1 Decade-Long Trend Toward Impaired Water Quality 

 Quarterly regulatory monitoring data collected by water treatment facilities from 

2004 through 2014 were used to better understand temporal impacts of large-scale beetle-

induced forest mortality on water quality (Figure 2.2). Initially identified in a prior study 

that contrasted impacted versus control regions (Mikkelson et al., 2013b), watersheds 

were further discretized into 3 impact level bins. In conjunction with temporal evolutions 

of beetle impact, this provides the ability to query associations between potential 

thresholds of infestation, water quality shifts, and watershed hysteresis. This analysis also 

included 3 additional years of data from 2012-2014 as well as filled gaps in missing TOC 

concentration data for all watersheds from 2006-2008. Both high impact watersheds 

exceeded 40% areal infestation by bark beetles during the 2004-2007 time period with 

areal infestation in each watershed reaching approximately 50% or higher by 2008 

(Figure 2.2). This corresponds to enhanced needle drop between 2006 and 2009 (three 

years post infestation) allowing trends to be analyzed prior to and following infestation. 
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Moderate impacted sites contained between 26-29% areal infestation with low impact 

sites containing <13% infestation.  

 Results indicate a statistically significant increasing trend of 0.04 mg TOC L-1 yr-1 

for the high impact watersheds while a similar trend in the moderate and low impact sites 

was not found. High impact sites also displayed a significant increase of 2.37 ug TTHM 

L-1 yr-1 while an increasing trend in watersheds with less beetle infestation was not 

observed. Alarmingly, the slope for TTHMs has gotten steeper with time since 2008 

while the extended analysis through 2014 reveals that the increasing TTHM trend in the 

high impact sites has continued for nearly a decade after initial peak tree mortality. This 

observation highlights the long-term effects associated with recalcitrant needle and 

woody debris degradation and water quality shifts associated with this form of forest 

disturbance. The long-term extent and timeframe of water quality shifts with beetle 

infestation is still unknown; therefore, continuing water quality monitoring as depicted 

here is important in elucidating how long these effects will last. HAA5 analysis was also 

conducted but results were inconclusive due to unavailable data (Gypsum, Carbondale, 

Glenwood Springs) during portions of the analysis period or sample error (4 quarterly 

samples were below or near the detection limit of 1 ug/L for Granby while the majority of 

samples contained at least 15 ug/L).  

 Analysis of the three infestation bins, while limited in number, alludes to the 

interpretation that water quality impacts may not be altered until a high level of tree 

mortality occurs (~> 50% areal infestation), with possible mitigating factors keeping 

water quality stable in lower impact watersheds. If water quality continues to exceed 

regulatory levels, alternative water sources or enhanced treatment techniques may need to 
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be adopted to decrease DBP precursor levels and formation. Collectively, results 

demonstrate continuing increases in organic carbon loading and DBP precursor levels 

associated with beetle-induced forest mortality well after maximal infestation and suggest 

a heightened TTHM response in the heavily impacted watersheds beyond that observed 

in a prior 2004-2011 analysis (Mikkelson et al., 2013b). 

 

Figure 2.2: Compiled water quality data obtained from from six water treatment facilities 
reveals an increasing trend in high impact watersheds compared to lower impacted 
facilities. Panels depict water quality data from 2004-2014 where a-c. display binned 
TOC concentrations and d-f. portray binned TTHM concentrations in high (red 
diamonds), moderate (orange squares), and low impact (green triangles) watersheds with 
a regulatory TTHM maximum contaminant level (MCL) of 80ppb (Comprehensive 

Disinfectants and Disinfection Byproducts Rules (Stage 1 and Stage 2): Quick Reference 

Guide, 2010). P-values were found through the Mann-Kendall test after decomposition 
with significance demonstrating a departure from a slope of zero. Trends for individual 
watersheds revealed similar results and can be found in Table SI-2. 

 

Importantly, during the most recent two years (2013-14) the trend analysis for the 

high impact sites exceeded the maximum contaminant level (MCL) of 80 ug TTHM L-1 

(Figure 2.2d). Discreet analysis of each of these impact sites reveals that Steamboat 

Springs exceeded TTHM and HAA5 MCLs during 3 quarters while Granby exceeded the 

TTHM MCL during one quarter between 2011-2014 (Table A.2). This increasing trend is 
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particularly alarming as water municipalities are only required to sample for DBPs once 

each quarter and can select a sampling date within this window; hence municipal 

reporting contains an inherent bias that may not accurately capture seasonal fluctuations 

in water quality. For example, the average quarter 2 and quarter 3 sampling dates for all 

municipalities in this study from 2004 to 2013 was May 14th and August 17th. When 

evaluating the high impact sites only, the average second quarter sampling date shifted 

almost two weeks earlier to May 3rd. The water quality data collected in the following 

portion of this study showed TOC and DBP formation potential peaked with runoff in 

early to mid-June in both years analyzed (Figure 2.3). Therefore, by collecting quarterly 

water quality data prior to and after runoff, municipalities are not capturing maximal 

peaks in TOC and DBP formation in their water treatment systems. Hence, trends 

obtained from municipal data may underestimate the increase in water quality impacts 

from beetle infestation or other analogous shifts in land cover, demonstrating the 

importance of more frequent monitoring.  

Although this data mining approach provides long-term data allowing TOC and 

TTHM shifts with beetle infestation to be investigated, several caveats exist that limit 

interpretation. As with many large datasets collected from multiple participants, not all 

data during the analysis period was available for all watersheds. Granby, Steamboat, and 

Aspen had complete quarterly datasets for DBPs; however, Gypsum, Glenwood Springs, 

and Carbondale moved to a reduced monitoring schedule in the later half of the analysis 

period, only recording values once a year. This prevented the calculation of a TTHM p-

value for the moderate impact sites. Besides missing data, Carbondale and Gypsum TOC 

concentrations were typically below detection limits. These municipalities rely primarily 
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on groundwater sources that are occasionally blended with surface waters, which lower 

TOC concentrations and DBP precursor levels as seen here. Groundwater may also 

mitigate detection of water quality shifts due to longer residence times and unclear 

delineation of supply capture zones. Elevated aromatic carbon character may also 

increase DBP production, but data evaluating carbon structure are not typically analyzed 

by these treatment facilities and were unavailable.  

2.3.2 Carbon Loading and Aromatic Character 

Due to these limitations with the water provider data, an independent sampling 

campaign was conducted in the six identified watersheds from 2013-2014 to increase the 

resolution of TOC and DBP data. The goal was to better understand TOC properties and 

potential for DBP formation as well as to allow a more refined temporal analysis so that 

hydrologic drivers of water quality could be investigated. Only surface waters were 

analyzed and carbon character analyses were conducted to determine if differences in 

aromatic structure exist in watersheds with variable beetle-induced tree mortality. The 

additional sampling campaign also alleviates inherent uncertainties in the historical 

analysis associated with variable water treatment operation, ground versus surface water 

sources, sample timing, and other collection biases.  

Results from two concurrent snow-free seasons (~1.5 years) of surface water 

sampling and characterization aided in the interpretation of surface water property shifts 

associated with beetle infestation. High impact watersheds exhibited the most elevated 

organic carbon loading with average TOC concentrations 3 to 5 times higher than the 

moderate and low impact sites (Figure 2.3a, page 27). Moderate impact watersheds 

displayed TOC concentrations that resided between those found in high and low impact 
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sites. The smallest TOC concentrations were found in low impact watersheds with 

concentrations typically below 1 mg L-1. Although nitrate concentrations are often 

significantly elevated after forest disturbances such as timber harvest (Burns and 

Murdoch, 2005; Feller and Kimmins, 1984), the total nitrogen concentrations in this 

study were often below the detection limit (0.2 mg-N/L). This supports findings of a 

minimal stream water nitrate response following beetle infestation in Colorado (Rhoades 

et al., 2013) and highlights the unique nature of this type of disruption when contrasted 

with timber harvest, windfall, fire or other abrupt forest disturbance (Adams et al., 2012).  

In addition to increased organic carbon loading in impacted watersheds, the 

deposition of needle and tree material to the forest floor after beetle-induced forest 

mortality (Kaňa et al., 2012; Mikkelson et al., 2013a) may change the structure and 

aromaticity of carbon transported to surface water sources used by municipalities (Beggs 

and Summers, 2011). After infestation, fallen needles and woody material continue to 

degrade which may increase leachate TSUVA, specific humic peak intensities, and 

lignin-associated carbon further elevating aromatic structure (Beggs and Summers, 2011; 

Kalbitz et al., 2006; Yavitt and Fahey, 1986). To investigate this phenomenon, TSUVA 

was calculated to provide a carbon-normalized value of UV absorbance to evaluate 

differences in aromatic structure. Averaged TSUVA values were 150% higher in the high 

impact sites compared to moderate and low impact watersheds, which tended to overlap 

throughout most of the study (Figure 2.3a, Figure A1b). The increased TSUVA in surface 

waters exhibited here at the catchment scale in high impacted watersheds supports prior 

findings of elevated soil digest TSUVA found below trees in beetle infested forest plots 

when contrasted with uninfested controls (Kaňa et al., 2015).  
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Figure 2.3: Increases in organic carbon concentration, aromatic content, disinfection 
byproduct formation potential, and relationship to stream discharge are apparent when 
contrasting high, moderate, and low bark beetle-impacted watersheds (red diamonds, 
orange squares, and green triangles respectively). Panels display a. total organic carbon 
concentration b. total trihalomethane (TTHM) formation potential and c. discharge flow 
rates for two high impact watersheds (Granby, Steamboat) and one low impact watershed 
(Aspen). Water quality points represent the average value of the two watersheds in each 
infestation bin with error bars denoting sample values. Averaged total specific ultraviolet 
absorbance (TSUVA) and five haloacetic acid (HAA5) formation potential across the 
sampling period are shown to the right of panels a and b with their corresponding 
standard deviations. Additional plots displaying water quality parameters for each 
individual watershed are shown in Figure A.1. 

 

Analysis of EEM results further confirms that elevated aromatic character is 

found within beetle-impacted watersheds compared to healthy controls (Table 2.1). 
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Averaged FI values were inversely proportional to impact, ranging from a high of 1.42 

for Aspen to a low of 1.28 in Steamboat Springs. These results are consistent with 

terrestrially derived fulvic acids compared to microbially derived sources that typically 

have FI values around 1.9 (McKnight et al., 2001). The high impact watersheds also 

exhibited elevated carbon-normalized fluorescence in peak A and peak C specific 

intensities along with the humic and fulvic acid-like fluorescence regions. Averaged 

humic-like peak intensities were 18 to 54% and 22 to 45% higher in the peak A and C 

regions, respectively, for the high impact watersheds compared to the low impact 

watersheds. Similarly, the averaged regional fluorescence in the high impact sites was 

elevated by 35-75% in the fulvic acid-like region and 17-47% in the humic acid-like 

region compared to the low impact watersheds. The moderately impacted watersheds 

displayed peak intensity and regional fluorescence values that were between the high and 

low impact watersheds. 

Table 2.1: Fluorescence index (FI), carbon normalized specific peak intensity, and carbon 
normalized fluorescence regional integration (FRI) results. Units are RU L mgc

-1 for peak 
intensities and FRI. 

 

 

2.3.3 Disinfection Byproduct Formation Potential 

As most municipalities located in beetle-impacted regions of the Rocky 

Mountains use chlorine as a disinfectant during drinking water treatment, differences in 

DBP formation potential were also analyzed for the collected water samples. The uniform 
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potential test (Standard Method 5710b) was employed to evaluate the formation potential 

of THMs and HAAs as a more absolute measurement of DBP precursor concentrations 

free from individual municipality management, sampling time, or water treatment biases 

(Figure 2.3b). Chlorinated species dominated this analysis (chloroform, dichloroacetic 

acid, trichloroacetic acid) with concentrations of brominated DBP species typically 

falling below detection limits. Waters from high impact sites produced both TTHM and 

HAA5 concentrations that were typically 3 to 6 times higher than the formation potentials 

found in the moderate and low impact watersheds. HAA5 formation potentials were 

typically higher than TTHM formation potentials during the sampling period but both 

DBPs displayed similar temporal trends for each infestation bin. 

To evaluate the importance of aromatic structure on the formation potential of 

DBPs, correlation plots were created between TSUVA and DBP formation potential for 

all samples collected (Figure A.2). Positive correlations between DBP formation potential 

and TSUVA were found which is typical during aromatic analysis (Jung and Son, 2008) 

and confirms the validity of elevated DBP formation from increased aromaticity in our 

study watersheds (R2 = 0.58, p-value<0.001). This correlation also indicates that elevated 

aromatic character seen in the high impact sites increases DBP precursors throughout the 

year. The matching trends between TOC and DBP formation potential (Figure 2.3) 

indicate that temporal variations in TOC loading in impacted watersheds drives the 

seasonal fluctuations seen in DBP precursor levels.  

Statistical tests were also performed for the parameters analyzed during surface 

water sampling to determine if significant differences exist across infestation bins (Table 

2.2). All water quality parameters were found to be significantly different when 
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contrasting all bins using the Friedman test. When analyzing across two bins, significant 

differences between high-moderate and high-low were further revealed for TOC, UV254, 

TSUVA, HAA5, and TTHM formation potential using a post-hoc Wilcoxon test. The 

post-hoc Wilcoxon test also found significant differences between the moderate and low 

bins for TOC and UV254. These statistical analyses were also performed for Granby and 

Steamboat Springs individually to ensure that binning the sites together didn’t affect the 

significant results found.   

Table 2.2: Statistical differences between infestation bins for all water quality parameters 
analyzed were found through the Friedman and the post-hoc Wilcoxon tests with bold 
values indicating significant p-values. 

 

Collectively, these results support the hypothesis that watersheds experiencing 

bark beetle-induced forest mortality produce an elevated concentration of organic carbon 

that also contains more aromaticity than unimpacted forests. The elevated TOC 

concentrations, increased aromatic signature, and TTHM formation potential in impacted 

watersheds supports historical data archived by municipalities presented both here and 

previously (Mikkelson et al., 2013b), while bringing strong insights into unanswered 

questions about this trend. For instance, HAA5 formation potential in collected influent 

surface water was higher than TTHM formation potential and was significantly different 

between bins (Figure 2.3b, Figure A.2 c-d). This contrasts with historical HAA5 



 
31 

concentrations reported by municipalities which were lower than TTHMs and were not 

found to increase significantly with beetle infestation (Mikkelson et al., 2013b), which 

could be explained by the removal of humic-like HAA precursors (Hua and Reckhow, 

2007) during water treatment prior to chlorination. Unlike the historical analysis of 

municipal data, the collected surface water samples were untreated waters. Therefore, the 

HAA5 formation potential in high impact sites is likely elevated compared to TTHM 

formation potential (Figure 3) due to the enhanced levels of humic-like substances as 

well as wood-derived lignin phenols which are more important precursors for HAA 

formation (Hua et al., 2014).  Additionally, the differences in HAA formation between 

historical and sampled results could occur from bias in the formation potential test from 

high chlorine dosing, which may preferentially create reactions forming HAAs that 

would not otherwise occur from chlorine dosing at lower concentrations typical at water 

treatment facilities. This supports effective practitioner judgment at these municipalities 

and illustrates the importance of minimal dosing in decreasing DBP production.  

2.3.4 Climatic and Vegetative Differences Between Watersheds  

 Several climatic factors such as precipitation and temperature along with 

differences in vegetation could contribute to the variations in historical and sampled 

water quality; however, these variables were analyzed and beetle-induced forest mortality 

is still the most probable cause. Trends in temperature and precipitation from 2004-2014 

were typically insignificant (Table 2.3). Any significant trends found were expected to 

limit shifts in water quality rather than induce them. Additionally, monthly temperatures 

and precipitation in each watershed during the 2013-2014 sampling campaign, which was 
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when TTHM trends exceeded MCLs, were not found to be significantly different from 

their respective 30-year normals.  

Table 2.3: Precipitation and temperature trends from 2004-2014 and P-values comparing 
monthly precipitation and temperature data for 2013 and 2014 to 30-year normals. 

 

In headwater catchments similar to the watersheds analyzed here, organic matter 

primarily originates from terrestrial vegetative sources (Hood et al., 2005); therefore, 

ecological differences may play a role in water quality and were also investigated (Table 

2.4). Barren land cover was elevated in the low impact watersheds, comprising 26-44% 

of the total watershed area compared to the moderate and high impact sites, which 

contained less than 4% barren land. This may explain why TOC concentrations in the low 

impact control sites were consistently lower and displayed limited seasonal peaks than 

watersheds with more pronounced beetle infestation both when evaluating historical 

results and during the surface water sampling campaign. Although this vegetative 

difference between the healthy controls and more impacted sites confines interpretation, 

the vegetative area was similar between the high and moderate impact watersheds (89 to 

99% vegetated: area without barren land, perennial snow/ice, or development) yet clear 

differences in historical and sampled TOC concentrations and DBP precursor levels were 

found. More detailed analysis of climatic and vegetative differences between watersheds 

is presented in the Supplemental Information.  
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Table 2.4: Land cover percentages for each watershed. 

 

 

2.3.5 Hydrologic Connection to Organic Carbon Fluctuations  

Carbon transport from its vegetative source to water municipality intakes is 

dependent on runoff and precipitation events (Dawson et al., 2008; Xu and Saiers, 2010). 

As such, we investigated the impact altered hydrologic processes have on water quality 

after tree dieback. Following beetle-induced tree mortality, transpiration ceases and 

canopy interception of precipitation declines as needles and branches fall to the forest 

floor (Mikkelson et al., 2013a; Pugh and Gordon, 2013). This causes a decline in 

subsurface water demands and an increase in soil moisture (Adams et al., 2012), which 

have been found to increase late summer groundwater contributions in beetle-impacted 

watersheds and subsequently increase water table levels (Bearup et al., 2014; Penn et al., 

2016). Natural organic matter concentrations are elevated in soil profiles closer to the 

ground surface and decline with depth and distance from their vegetative source (Mei et 

al., 2012; Michalzik and Matzner, 1999; Neff and Asner, 2001). Additionally, aromatic 

and hydrophobic organic carbon is generally less mobile and therefore concentrated in 

higher soil profiles (Jardine et al., 1990). These hydrophobic fractions tend to stay in the 

upper soil layers during average soil moisture conditions and remobilize during 

precipitation events (Jardine et al., 1990). It follows that higher water table levels 

potentially mobilize pools of organic matter with higher aromatic content and decrease 
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the degradation potential of mobile aqueous carbon due to shorter subsurface residence 

times (Mei et al., 2012).  

This potential mechanism may partially explain the elevated TOC and aromaticity 

in surface waters associated with beetle-induced forest mortality (Graphical Abstract). 

Peaks in TOC and DBP formation potential at the impacted sites occurred during both 

seasonal runoff events captured in the study (Figure 2.3). During the first snowmelt-

driven event, DBP formation potential peaked at the moderately impacted sites with 

runoff (early June 2013) and dropped down to a value similar to the low impact 

watersheds when discharge returned to baseflow conditions the following month. The 

DBP formation potential in high impact sites also peaked concurrently; however, DBP 

formation potential did not decline as rapidly and displayed a tailing effect, not reaching 

the lowest concentrations until the late summer and fall months. This tailing event may 

be indicative of increased mobilization resulting from elevated groundwater contributions 

and changing flow paths. TOC concentrations and DBP precursor levels reach an annual 

low point in the fall as colder temperatures decrease debris degradation (Davidson and 

Janssens, 2006), rainfall precipitation switches to snowfall, and water flow through the 

vadose zone declines.  

The spike in DBP formation potential during mid-September 2013 in the high 

impact sites (Figure 2.3b, Figure A.1) also revealed the importance of rainfall events in 

mobilizing organic carbon. This spike coincided with a historic precipitation and flooding 

event that occurred east of the analyzed watersheds in the front range of Colorado 

(Brennan and Aguilar, 2013). After comparing 30-year normal rainfall rates to their 

observed monthly totals, results indicated that all studied watersheds experienced rainfall 
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rates that were approximately double the 30-year average during September 2013 (Table 

A.5). USGS gauges also saw a rise in discharge during this time period. Importantly, 

even though all watersheds experienced a pulse of water during this large precipitation 

event, TOC and DBP formation potential spiked only within the high impact sites 

indicating elevated mobilization of excess carbon in high impact watersheds. Although 

empirical (Bearup et al., 2014) and modeling (Penn et al., 2016) studies have 

demonstrated rising water tables following beetle infestation, future studies can target this 

hydrologic mechanism to further elucidate its effect on water quality while answering 

more detailed inquiries related to variable subsurface carbon pools, seasonal timing and 

degree of water table variation following beetle infestation, and quantification of water 

quality shifts related to elevated hydrologic flow paths.   

2.3.6 Water Quality Management and Environmental Implications  

From a public health and regulatory perspective, municipal monitoring has 

revealed that DBP concentrations are now exceeding regulatory limits at high impact 

sites (Figure A.1), and our analysis of this historical data in complement to our more 

rigorous surface water characterization suggests that biases in collection are likely 

underestimating the extent of this challenge. Watershed monitoring and management 

could be used to help municipalities understand and predict influent water quality 

properties to enhance water treatment efficacy, offer cost effective alternatives, and 

provide safer water for human consumption (Foran et al., 2000; Postel and Thompson, 

2005). To be proactive in watershed protection, municipalities could conduct additional 

water quality sampling during runoff or precipitation events that mobilize contaminants 

of concern, particularly if their watershed is beetle-impacted. Implementing increased 
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monitoring may also help better inform operators of the timing of contaminant loading 

within their watersheds, help predict when future contaminant spikes may occur, and aid 

in the selection of water treatment techniques that alleviate water quality impacts. For 

instance, the strong correlation in these watersheds indicates that monitoring UV254 could 

provide real time water quality characterization particularly during hydrologic events to 

aid in predicting DBP formation potential (Figure A.2) or provide insight into when 

alternative disinfection processes could best be utilized.  

It is possible that high impact water treatment facilities may need to consider 

alternative waters during high flow events or retrofit or expand existing treatment 

technologies if increases in DBP formation continue to surpass regulatory MCLs. 

Treatment technologies such as coagulation, filtration through granular activated carbon, 

or alternative disinfectant strategies such as chloramination can also lower TOC 

concentrations and DBP production (Bond et al., 2011; Xie, 2003). Municipalities may 

also mitigate the effects caused from watershed disturbances through source strategies 

such as blending surface and groundwater particularly during higher risk windows. 

Because groundwater contains lower levels of organic carbon in the Rocky Mountain 

Region (Bauch and Bails, 2004; Thurman, 1985) and can help protect against threats 

from land cover change or anthropogenic surface contamination (Custodio, n.d.; Metcalf 

and Robbins, 2013), municipalities that rely solely on surface water sources are more 

susceptible to water quality shifts toward MCL concentrations. Diversification to include 

a mix of surface and groundwater sources can provide safeguards against unanticipated 

water quality shifts as well as provide a low organic carbon groundwater source for 

blending or bypass during hydrologic events. Furthermore, groundwater can provide 
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additional water during times of peak water demand which usually occurs in the summer 

months (Kenney et al., 2008) when TOC concentrations in surface waters are elevated.  

The findings disseminated within our study reveal how shifts in biogeochemical 

cycling associated with ecological disturbances can have secondary effects on water 

resources altering TOC loading and DBP precursor levels. Although expanded tree fall 

will occur and increased TOC loading could continue with subsequent degradation of tree 

biomass, mitigating factors may begin to alleviate this concern. As regrowth of saplings 

and other vegetation occurs, increased transpiration may return groundwater contribution 

and water table depth to pre-infestation levels alleviating the changes associated with 

hydrologic flow paths (Bearup et al., 2014). Additionally, microbial communities have 

been found to shift in beetle-impacted forests (Mikkelson et al., 2016b) with a larger 

abundance of saprotrophic taxa that may increase the utilization and degradation of 

woody material and decrease aromatic TOC loading into surface water sources (Štursová 

et al., 2014). Forest lands are an important source for safe and reliable drinking water 

globally; however, natural disturbances are predicted to create large changes in forested 

regions under a changing climate (Furniss, 2011; Williams et al., 2010). In extreme 

instances, extensive forest die-off can also have global consequences when forests switch 

from a carbon sink to a carbon source (Kurz et al., 2008; Schwalm et al., 2012). As such, 

understanding the shifts in biogeochemical cycling that occur following land disturbance 

is imperative in safeguarding these vital water sources while enabling more informed 

water resources management.     
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2.4 Conclusions  

The water quality analyses presented here reveal that increased TOC loading and 

aromatic content from beetle-infested watersheds is reaching surface waters used by 

drinking water treatment facilities. This results in elevated DBP precursor levels 

particularly during rainfall and snowmelt events when organic carbon is mobilized. 

Additionally, while DBP precursors are typically elevated during runoff, concentrations 

in high impact sites may stay elevated for months afterward due to altered hydrologic 

flow paths and increased TOC mobilization. TTHM concentrations in drinking water 

following municipal water treatment and chlorination have continued to rise for nearly a 

decade after peak initial tree mortality demonstrating the long-term effects on water 

quality associated with this type of forest disturbance. Furthermore, this trend obtained 

from municipal data likely underestimates the full extent of water quality shifts due to 

collection biases. Alarmingly, these historical TTHM concentrations collected from 

municipal distribution systems for regulatory compliance monitoring have begun to 

exceed the regulatory drinking water MCL of 80 ug/L at sites hardest hit by bark beetle 

infestation. While clear differences in water quality were found between three infestation 

level bins (Figure 2.2 and 2.3), differences between the high versus moderate impact 

watersheds provide the most compelling contrast due to their ecological similarities and 

reveal a trend of heightened TOC mobilization following runoff and precipitation in the 

high impact sites. Watersheds experiencing beetle mortality are located in forested 

mountainous catchments with pristine water quality, typically requiring minimal surface 

water treatment (Mikkelson et al., 2013b). Therefore, small fluctuations in TOC at these 

municipalities are more detrimental than fluctuations for water providers with more 
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extensive treatment techniques at their disposal. Our analysis also suggests that water 

quality is stable until a certain infestation threshold is exceeded (~>50% watershed areal 

impact) enabling the identification of regions where water resources are most likely to be 

adversely affected. If these trends continue, high impact sites may need to adopt 

enhanced water quality monitoring, alternative treatment techniques, or utilize different 

water sources to reduce TOC levels and DBP production to protect human health.  
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CHAPTER 3 

MOUNTAIN PINE BEETLE INFESTATION REDUCES FIRE SEVERITY IN 

WESTERN UNITED STATES PINE FORESTS 

 

Modified from a manuscript submitted for publication 

 

Brent M. Brouillard1,2, Kristin M. Mikkelson1,3, Jonathan O. Sharp1,3 

 

Abstract 

 Natural and anthropogenic land cover shifts are occurring across the globe due to 

drought and warming temperatures. During these landscape transformations, the 

secondary effects that arise from these disturbances must be evaluated to determine 

ecological and human health impacts. For instance, unprecedented bark beetle-induced 

tree mortality has caused shifts in forest structure that have been perceived by the public 

as a heightened wildfire threat. As such, we evaluated the relationship between mountain 

pine beetle-induced tree mortality and fire severity from 2000-2014 across Western North 

American forests. Zones of beetle infestation were overlain with fire severity maps to 

determine if forest fire severity increased in association with this climate change-

exacerbated phenomenon. Severity analysis was conducted on >600 forest fires using 

three different remote sensing fire severity data products (dNBR6, dNBR, and RdNBR) 

to provide a high degree of validation across different conditions within the study 
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domain. Results collectively demonstrate that contrary to public perception, forest fires 

burn less severely in the red and subsequent grey phases of mountain pine beetle 

infestation when contrasted with unimpacted forests. This decreasing trend in burn 

severity with beetle infestation was most pronounced in lodgepole pines but also occurred 

for ponderosa pine forests. Fire severity was 65-77% as severe in red and grey phase 

lodgepole forests compared to uninfested controls, while fire severity in ponderosa pine 

was 90-94% as severe in both phases of infestation when contrasted with controls. These 

findings contribute to a growing body of research indicating that forest fire effects 

associated with beetle infestation are of less importance than impacts on climatic 

feedbacks and water resources. The conclusions presented here indicate that future forest 

management and policy decisions should be cautious in removing beetle-infested forests 

as tree mortality may act as a natural buffer that reduces fire severity. 

3.1 Introduction 

Chapter three focuses on determining whether fire severity is altered following 

mountain pine beetle infestation in the Western United States. While recent work has 

begun to illustrate that beetle infestation does not increase fire risk to the degree intuited 

by the public, further elucidation can limit uncertainty and aid in forest management and 

policy decisions. For instance, although discrete retrospective studies and regional spatial 

analyses have begun to evaluate how grey and old phase beetle kill impacts burn severity, 

it is difficult to evaluate the impacts of recent beetle infestation in the red phase due to 

the short time frame (1-3 years post infestation) before red needles fall from the canopy 

to the forest floor. To collect sufficient data to analyze the differences in burn severity 

between red phase trees and control forests, large spatial analyses over peak infestation 
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regions and timeframes need to be conducted. Similarly, while regional analysis of pre-

fire insect effects on burn severity have been conducted in the US Pacific Northwest 

(Meigs et al., 2016), the majority of fires analyzed contained western spruce budworm 

while only 19 fires contained MPB infestation prior to burning with the majority being in 

the old phase (Figure 3.1). As MPB is the dominant form of insect infestation across 

Western North America, further elucidation of the effects this type of insect infestation 

have on burn severity is needed, particularly during the earlier phases of infestation. 

Additionally, host tree species, notably lodgepole and ponderosa pine that are infested by 

MPB, contain variable fuel and canopy dynamics and grow in a range of environments 

(2008 Report: The Health of Colorado’s Forests, 2008; Graham and Jain, 2005; Jenkins 

et al., 2014). These differences in host species may create differences in burn severity 

following beetle-induced mortality. 

 

Figure 3.1: A conceptual timeline of beetle-induced tree mortality typically seen in the 
Western US region and used in this study; however, phase timing may be different in 
other regions (Štursová et al., 2014). 

 

In this study we evaluate the impacts of MPB infestation on fire burn severity for 

15 consecutive years beginning before the recent infestation and ending after the 

epidemic peaked across the Western US. The areal extent of the study includes the 
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majority of MPB domain within the US, extending the analysis of previous studies to 

determine if decreased fire severity following beetle infestation is specific to the US 

Pacific Northwest or is applicable to a broader set of eco-regions. Additionally, this 

broader regional analysis allows the links between fire severity and MPB infestation to be 

analyzed during the early stages of beetle infestation (red phase), which are lacking in 

prior studies. Therefore, fire severity results were analyzed for the red and subsequent 

grey phases of infestation and were broken down by tree species to analyze differences in 

burn severity between MPB hosts (lodgepole and ponderosa pine). 

3.2 Methods 

3.2.1 Data Collection and Processing  

Forested Data Layers 

The evergreen-forested area analyzed in this study was first determined from the 

2001 National Land Cover Dataset (NLCD), which provides land classifications across 

the United States and is mapped at a 30 m grid size (Homer et al., 2007). This layer 

provided a foundation of coniferous forests in the Western US, but MPB primarily 

attacks lodgepole and ponderosa pine species. Therefore, the National Gap Analysis 

Program (GAP) was then used to determine regions of lodgepole and ponderosa pine. 

Forest cover classes utilized in Hart et al. (Hart et al., 2015) were employed to delineate 

these two tree species in GAP. Due to potential ecological differences, fuel abundance, 

and potential variations in burn behavior, the evergreen forest layer was further 

subdivided into these two specific host species, which were studied separately. After 

collecting the appropriate subclass data for each host species type from GAP, the GAP 

layers were overlain on the NLCD evergreen forest layer and clipped to produce the 
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lodgepole and ponderosa pine layers utilized in the study and produce agreement between 

the two data sources (Hart et al., 2015). These layers represent potential areas where 

MPB beetle infestation could occur. The unimpacted control layers were then created by 

erasing regions that contained MPB infestation, tree harvesting, or fire layers in any years 

prior to the observation year. The collection and processing steps for these disturbance 

types are further discussed below.  

Disturbance Data Layers 

The extent of bark beetle impact for each year from 2000-2014 was found using 

the United States Forest Service (USFS) Aerial Detection Survey (ADS), which has been 

frequently used to delineate areas of beetle impact in preceding studies (Bearup et al., 

2014; Hart et al., 2015; Mikkelson et al., 2013b; Park Williams et al., 2012). This dataset 

provides a geographic inventory of tree mortality, insect infestations, and disease activity 

for forests throughout the United States. It includes information on the extent of affected 

areas and damage causal agents. For the purpose of this study, only areas listed with 

MPB as their primary damage causal agent (DCA coded as 11006) were considered. 

Once we filtered for the damage causal agent, areas of overlap in different years were 

clipped to ensure that mapped infestation reflected the original time point of infestation 

and that no area was double counted. The ADS polygon data was then rasterized to a 30 

m grid size to match that of the wildfire and forest cover data. To provide an additional 

level of accuracy that ensured beetle-infested areas from the ADS aligned with MPB host 

species, beetle-infested regions were subsequently clipped by the lodgepole and 

ponderosa pine forest data layers. Tree harvest data were also collected from LANDFIRE 
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when available from 1999-2012 to ensure control host species layers were not impacted 

by anthropogenic disturbance.  

 To enable temporal insights relating to different stages of tree mortality, maps of 

red and grey phases of infestation were created for each observation year from 2000-

2014. Infestation maps were broken down into bark beetle phases of red (observation 

year and infestation 2 years prior) and grey (infested 3 or more years prior to observation 

year) for each fire year analyzed based on when a pixel was first classified as impacted 

(Hart et al., 2015). ADS data usually misses the initial year of infestation as needles 

typically have not changed color; therefore, impacted forests analyzed in the study 

became impacted the year before the observation year with the red phase beginning 

during the observation year (Hart et al., 2015). For example, when evaluating burn 

severity in wildfires occurring in 2010, the areas that were initially demarked as infested 

in the detection survey in 2008-2010 were considered red phase and those first labeled as 

infested between 2000-2007 were considered grey phase.  

Fire Data Layers 

Fire data were obtained from Monitoring Trends in Burn Severity (MTBS). 

MTBS is a product of the United States Geological Survey and the USFS that maps the 

location, extent, and severity of large fires in the United States at a 30 m grid size. Minor 

fires (<1000 acres) are not included in the dataset and as such were not considered. Fire 

severity data were collected from 2000-2014. Fire severity analysis was only monitored 

after the year 2000, as the amount of beetle-infested area remained small until this time. 

Fire perimeter data were also collected from 1984-2014 and were used to determine 

historical burn regions and to ensure control forests analyzed in the study were not 
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recently burned. Fires analyzed in the study differed in size, duration, season, and beetle 

phase providing a holistic summary of the impacts of MPB infestation on fire severity in 

the Western US.  

Burn severity was found using Landsat imagery before and after each fire to 

calculate a Normalized Burn Ratio (NBR) and differenced Normalized Burn Ratio 

(dNBR) within each fire perimeter. The ratios are found through the following equations: 

 

��� = ሺܾܽ�� 4 − ܾܽ�� 7ሻ/ሺܾܽ�� 4 + ܾܽ�� 7ሻ 

���� = ሺ���௣௥௘௙�௥௘ − ���௣௢௦௧௙�௥௘ሻ 

 

Band 7 records middle infrared wavelengths (2.08-2.35 um) that are sensitive to lignose 

content in non-photosynthetic vegetation, soil/vegetation water content, and is capable of 

separating dead wood from ash, soil, and charred wood following forest fires. Band 4 

records near-infrared wavelengths (0.76-0.90 um) that are sensitive to chlorophyll content 

in living vegetation (Avery and Berlin, 1992; Elvidge, 1990; Jia et al., 2006; Kokaly et 

al., 2007). The difference between these two bands has been found to show the largest 

change between pre-and post-fire images, particularly in forested regions (Lopez Garcia 

and Caselles, 1991; Miller and Yool, 2002).  

Due to concerns of misclassification of fire severity due to variations in pre-fire 

vegetation and canopy density when using dNBR in beetle infested regions, the relative 

differenced Normalized Burn Ratio (RdNBR) was also determined. While dNBR 

measures absolute change between the pre and post fire satellite imagery, RdNBR 

calculates the relative change based on pre-fire reflectance using the following equation: 
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 ����� = ���೛ೝ೐೑�ೝ೐−���೛೚ೞ೟೑�ೝ೐√௔௕௦ሺ���೛ೝ೐೑�ೝ೐భబబబ ሻ  

 

Although RdNBR may produce more accurate fire severity classifications over a wider 

range of fires compared to dNBR (Miller and Thode, 2007), recent evidence found dNBR 

to have a higher classification accuracy than RdNBR both broadly and when evaluating 

forests with high heterogeneity or areas with low pre-fire canopy closure (Soverel et al., 

2010). Regardless, fire severity was analyzed using both dNBR and RdNBR sources for 

all fires that contained beetle infestation.  

3.2.2 Fire Severity Analysis 

After the beetle infestation and control layers were processed, the impact of MPB-

induced tree mortality on fire severity was analyzed by overlaying tree phase onto fire 

severity maps. Red phase, grey phase, and unimpacted forest layers were overlain on fire 

severity maps and the average burn severity for each forest type was quantified for each 

fire. All map processing and severity analyses were conducted in ArcGIS (ESRI 2015. 

ArcGIS Desktop: Release 10.2). The average burn severity for both beetle phases was 

then plotted against the unimpacted burn severity for the same host species within the 

same fire to investigate if burn severity was altered as a result of MPB-induced tree 

mortality.  

dNBR6 severity data was first used which classifies burn severity into 4 

categories of unburned to low, low, moderate, or high burn severity using dNBR data. 

This approach was first utilized to provide a coarser resolution of the influence beetle 

infestation has on fire severity by restricting the analysis to 4 severity levels instead of 
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having a specific burn severity for each individual 30 m pixel. After overlaying the forest 

types on the dNBR6 severity layer, the 4 burn severity categories were given a “burn 

score” to quantify burn severity for each forest type within the fire perimeter. For 

example, the areal extent of unburned to low severity was multiplied by a value of 1 

while the areal extent of high severity was multiplied by a value of 4. The total “burn 

score” was then summed for all 4 dNBR6 burn severity categories and divided by the 

total areal extent to provide an average burn severity from a low of 1 to a high of 4 for 

each forest type within a fire. A similar analysis procedure was then conducted for the 

raw dNBR data used by MTBS to create the dNBR6 maps and for the raw RdNBR data. 

For the dNBR and RdNBR data, the burn severity for all pixels in each forest type were 

summed and divided by the total areal extent to provide an average burn severity value 

within each fire for each forest type. During the dNBR and RdNBR analyses, fire 

perimeters that overlapped the unburned edges of another severity map within the same 

observation year were removed as they caused errors in processing and analysis and only 

pixels with severity values greater than zero were analyzed. 

The average severity for the red and grey phases of infestation was then plotted 

against the average severity of the unimpacted forest for the same host species for each 

fire to evaluate differences in burn severity. Besides the influence of fuel variations 

investigated here, fire behavior is largely dependent on weather and topography 

(“Glossary of Wildland Fire Terminology,” 2014). These differences are limited using 

the approach described here by analyzing burn severity within the same fire individually, 

decreasing differences in topography and weather. Additionally, when evaluating the 

effects of modeling variables on burn severity, the amount of pre-fire insect damage was 
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found to have the largest influence on burn severity while the effects of aspect, elevation, 

slope, and topography were found to be minimal in MPB impacted forests (Meigs et al., 

2016). Following the quantification of burn severity for each fire, results were compiled 

using R (R Core Team, 2015) and linear regression was conducted to determine 

correlations in burn severity for each forest type with the Pearson test determining 

significant differences for each plot. Plots were analyzed at different minimum area 

criteria for each forest type to determine if the amount of beetle infestation within a fire 

influenced the average burn severity within that phase. P-values < 0.05 were considered 

significant throughout the study. The data sources utilized and the processing steps are 

highlighted below in Table 3.1. 

 

Table 3.1: Description of geospatial data sources utilized in the study along with 
processing steps conducted to each geospatial layer and the subsequent severity analysis 
procedure. 
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Figure 3.2: Map of fires in the Western US that were found to contain MPB infestation 
prior to burning and were analyzed in this study. 

 

3.3 Results & Discussion 

3.3.1 Fire Severity Analysis Utilizing Categorical dNBR6 Data 

Following the data layer processing and overlay analysis, 612 fires in the Western 

US contained MPB infestation prior to burning between 2000-2014 (Figure 3.2). Forests 
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with only small regions of infestation were not expected to create visible differences in 

burn severity from satellite imagery; therefore, data analysis was limited to fires that 

contained at least 0.1 km2 of each forest type within a fire perimeter for each host species 

of pine with the focus being on fires that contained at least 0.5 km2 of each forest type. 

Out of the original beetle-infested fires, 274 met this condition for lodgepole pine forests 

while 209 contained the minimum forested areal extent for ponderosa pine forests.  

 The average burn severity for the infested regions was then plotted against the 

average burn severity for the control regions of the same pine species for each fire that 

met the minimum areal criteria. In these plots, a slope lower than one would indicate that 

red or grey phases of infestation burned less severely than the unimpacted control. 

Severity analysis was first conducted using categorized differenced Normalized Burn 

Ratio (dNBR6) data which provides a course burn severity resolution with four 

categorical severity values ranging from one (unburned to low severity) to four (high 

severity). Results from the dNBR6 data display that in lodgepole forests, burn severity 

was 72.4% as intense in red phase forests and 64.5% as intense in the subsequent grey 

phase compared to unimpacted controls (Figure 3.3). A similar trend was found to occur 

in ponderosa forests but to a lesser extent, with burn severity in red and grey phases of 

infestation burning at 90 to 94% severity compared to unimpacted controls, respectively.   
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Figure 3.3: Plots of dNBR6 average burn severity comparing red (red diamonds) and grey 
phases (grey triangles) of beetle infestation to control forests in lodgepole pine (a,b) and 
ponderosa pine (c,d). Each point represents the average burn severity in both forest types 
for an individual fire. Values range from a low of 1 indicating the entire forest type 
burned at the “unburned to low” severity category, to a high of 4 indicating the entire 
forest type burned at the “high” severity category. Fires were only plotted if they burned 
at least 0.5 km2 of each forest type. 

 

Collectively, these data indicate that beetle infestation reduces fire severity in 

both MPB host species across the Western US. While this overall outcome agrees with 

previous findings of lower fire severity in MPB and western spruce budworm impacted 

forests in a smaller regional study of the US Pacific Northwest (Meigs et al., 2016), our 

results further elucidate questions regarding host species and temporal variations in burn 

severity while extending the studied domain to the Western US. While burn severity 

declined in both lodgepole and ponderosa pine forests that experienced MPB infestation, 
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post infestation changes in burn severity are most pronounced in lodgepole pines with 

burn severity being one quarter to one third as severe as control forests.  

The response of infested ponderosa was comparatively modest and burned 5-10% 

less severely than control forests. Temporal variability in burn severity between phases is 

also visible between each MPB host species type. While differences in burn severity 

between infested and control forests remains similar for the red and grey phases of 

infestation for ponderosa pine forests (< 4% difference), there is a modest decline in 

lodgepole burn severity associated with the temporal transition from red to grey phases of 

infestation. Specifically, the grey phase burned 8% less severely than control forests 

compared to the differences found for the red phase.  

Although utilized in several studies to determine links between beetle infestation 

and the secondary effects that follow (Bearup et al., 2014; Hart et al., 2015; Mikkelson et 

al., 2013b; Park Williams et al., 2012; Penn et al., 2016), aerial detection survey data 

used to delineate zones of MPB infestation have limitations. Accuracy assessments reveal 

70% agreement between ADS surveys and ground references with zero spatial tolerance 

and 80% agreement with 50m spatial tolerance for lodgepole pines (Johnson and Ross, 

2008). These values exceed the accuracy goals for detection surveys indicating that they 

are appropriate for analyzing this type of forest disturbance (Hart et al., 2015; Johnson 

and Ross, 2008). The accuracy of these surveys likely increases after clipping the ADS 

surveys with maps of MPB host species to remove areas within ADS polygons that do 

not fit MPB susceptible land cover types as done here; however, a quantitative estimate 

of this accuracy increase is unknown. Additionally, the coarse resolution of the dNBR6 

data offers a way to limit small inaccuracies in MPB location by limiting severity values 
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to 4 categorical values. Through this categorical limitation, pixels located near one 

another have a high likelihood of having the same burn severity value, creating pockets 

or mini regions within a fire with the same burn severity and likely the same land cover 

type. This would decrease result errors from MPB location inaccuracies in a similar 

manner to the accuracy increase from 70% to 80% when spatial tolerance increases from 

zero to 50 m (Johnson and Ross, 2008).  

3.3.2 Validation of Burn Severity Following MPB Infestation using Raw dNBR and 

RdNBR Data  

 As the previous analysis provided a coarse burn severity resolution by limiting 

each pixel within a fire perimeter to a categorical burn severity value between one and 

four, the severity analysis was completed again for the raw data used to create dNBR6 

(Figure 3.4) as well as for the relative differenced Normalized Burn Ratio (RdNBR) 

severity data (Figure 3.5). This analysis was conducted to ensure that the categorical 

values did not influence results and to determine if variations in pre-fire vegetation and 

canopy density when using differenced data affected the findings compared to relative 

differenced data. The raw dNBR and RdNBR burn severity data were summed and 

averaged within each fire instead of the 4 possible categorical values used in the dNBR6 

analysis which provided larger averaged variations in severity with an approximate range 

of 100 to 1,100.  

 



 
55 

 

Figure 3.4: Plots of dNBR average burn severity data comparing red (red diamonds) and 
grey phases (grey triangles) of beetle infestation to control forests in lodgepole pine (a,b) 
and ponderosa pine (c,d) host species. Each point represents the average burn severity in 
both forest types for an individual fire. Fires were only plotted if they burned at least 0.5 
km2 of each forest type. 

 

 Results for the dNBR data (Figure 3.4) reflect the overall results found in the 

categorical dNBR6 plots (Figure 3.3). Burn severity in beetle-infested plots were lower 

than control forests and these differences were again more pronounced in lodgepole pine 

(red and grey phase severity were 75% and 76% of control severity, respectively) than for 

ponderosa (red and grey phase severity were 91% and 94% of control severity, 

respectively). Differences in slope between Figures 3.3 and 3.4 were within three-

hundredths with the exception of grey phase lodgepole pine, which had a lower burn 

severity than the red phase in the dNBR6 data but was nearly the same in the dNBR data. 

It is not surprising that the results present similar findings, as the categorical dNBR6 

values are derived from the dNBR data; however, this provides a convenient control to 
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ensure that the categorical values used in the dNBR6 are both accurate and represents the 

raw data.  

 

 

Figure 3.5: Plots of RdNBR average burn severity data comparing red (red diamonds) 
and grey phases (grey triangles) of beetle infestation to control forests in lodgepole pine 
(a,b) and ponderosa pine (c,d) host species. Each point represents the average burn 
severity in both forest types for an individual fire. Fires were only plotted if they burned 
at least 0.5 km2 of each forest type. 

 

To investigate possible misclassifications in burn severity due to variations in pre-

fire canopy density or vegetation shifts when using dNBR in beetle infested regions, 

RdNBR was also analyzed which takes into account the absolute change between pre and 

post fire satellite imagery (Figure 3.5). While burn severity values for all forest types are 

generally higher in the RdNBR data, the slope of the plotted results displays lower burn 

severity in beetle infested areas compared to control forests and closely match the results 

from the dNBR plots negating the concern about using dNBR severity data in disturbed 
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forests. This supports previous results demonstrating that RdNBR data does not estimate 

burn severity more accurately than dNBR data across diverse fire types with 

heterogeneous or low canopy land cover (Soverel et al., 2010) and that both fire severity 

products are viable options for evaluating effects of beetle infestation. The burn severity 

comparison between grey phase lodgepole and control forests was lower than the red 

phase severity comparison, which differed from the dNBR data but was similar to the 

dNBR6 results.  

3.3.3 Minimum Area Criteria and Explanatory Severity Mechanisms  

Differences in burn severity within a forest are likely minimal in regions 

containing zones of infestation that only occupy a few 30 m pixels or are masked to 

satellite imagery products. To ensure that the 0.5 km2 area criteria focused on for the 

above analyses did not dictate burn severity differences shown in Figures 3.3-3.5, the 

same plots were created with 3 different minimum area criteria (Table 3.2). As the 

minimum area required for each forest type increases, the number of fires that satisfy the 

criteria decreases, yet the overall slope between beetle infested and control forests remain 

similar for each burn severity data type. While most correlation slopes stayed within 0.1 

of each other regardless of the minimum area requirement and displayed a random 

pattern of change, the slope for the ponderosa grey phase and control comparison 

declined consistently by 0.12 to 0.15 for each burn severity data type when the minimum 

area requirement dropped to 0.1 km2. Regardless of the minimum required area of each 

forest type burned, the results still indicate decreased burn severity following beetle 

infestation compared to control forests with all minimum area requirement trials being 

significantly different with p-values < 0.001.   
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Table 3.2: Linear regression results comparing averaged burn severity in red and grey 
phase MPB impacted forests compared to unimpacted control forests for both host 
species analyzed. Rows depict variations in slope, coefficient of determination, and 
number of fires meeting the minimum area required for the control and infested forests 
within each individual fire perimeter declines. 

 

 

Several mechanisms may be responsible for the observed reductions in fire 

severity following MPB-induced tree mortality. The reduced severity in the grey phase is 

likely due to reduced fuel loads in the canopy. Additionally, revegetation and fallen trees 

may not actively increase ladder fuels to the canopy in the grey phase or the lack of fuel 

in the canopy prevents these ladder fuels from creating severe crown fires (Hicke et al., 

2012). The reduction in fire severity in the red phase is more ambiguous. One possible 

explanation may be that although red needles still exist in the canopy that are more 

flammable than green needles of unimpacted trees (Hicke et al., 2012; Jenkins et al., 

2014), the degradation of these needles along with the reduction in sap content, 
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photosynthates, and extractives (McDowell et al., 2011; Woo et al., 2007) throughout the 

tree or other mechanisms that follow tree mortality decrease the fuel available during a 

fire, reducing burn severity after infestation regardless of phase.  Additionally, although 

canopy moisture content decreases following beetle-induced tree mortality (Jenkins et al., 

2014), crown fires are so intense that differences in moisture content between control and 

impacted stands may have little effect on overall burn severity.  

Although burn severity was lower in red and grey phases of ponderosa pine 

compared to unimpacted controls, differences were limited with beetle infested burn 

severity being between 90 to 94% as severe as control forests. Burn severity variations 

between beetle infested and control forests were more pronounced in fires burning 

lodgepole pines with red and grey phases of infestation burning approximately 65 to 77% 

as severely as control forests depending on the data source used. Differences in burn 

severity between MPB host species likely occur due to ecological and fuel structure 

differences between lodgepole and ponderosa pine forests. Lodgepole pine forests are 

typically dense monocultures with limited undergrowth (2008 Report: The Health of 

Colorado’s Forests, 2008), while ponderosa pine forests are not as dense and allow more 

undergrowth to occur (Graham and Jain, 2005). Additionally, the high tree density and 

elevated leaf area index in lodgepole pine forests compared to ponderosa pine (Fule et al., 

1997; Pierce and Running, 1988; Ryan and Waring, 1992) likely create higher fuel loads 

in the canopy and more severe fires. Evidence of these differences can be seen in the burn 

severity data with infested and control lodgepole pine forests burning at a higher severity 

than ponderosa pine forests (Figure 3.4, 3.5). Therefore, shifts in canopy structure or fuel 

loads that alter burn severity as a result of beetle infestation are more apparent in 
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lodgepole pines. Due to the significantly lower burn severity in MPB infested lodgepole 

pine, our recommendation is to avoid tree removal in this forest type as a management 

objective to reduce fire severity. This host species has been the most susceptible to MPB 

infestation across the Rocky Mountains with mortality approaching 100% in some 

regions (Collins et al., 2011). MPB impacted ponderosa forests have not burned to the 

extent of impacted lodgepole forests (Hart et al., 2015) and due to the similar burn 

severity between beetle infested ponderosa and control stands, infested ponderosa are 

likely not as strong of a natural fire buffer compared to impacted lodgepole forests.  

3.4 Conclusions  

Overall, the data presented here indicates that beetle-infested forests burn less 

severely than uninfested forests. Complementary studies evaluating differences in fire 

severity after insect infestation using a similar approach as described here for the US 

Pacific Northwest (Meigs et al., 2016) or those focusing on detailed field data from seven 

discrete fires in Montana, Idaho, and Wyoming,(Harvey et al., 2013, 2014) rather than 

the larger areal data presented here, also found beetle outbreak to decrease burn severity 

or be unrelated to most field measures of fire severity.  Our findings focusing on burn 

severity across the Western US over the duration of the current bark beetle epidemic add 

to an increasing body of scientific literature (Hart et al., 2015; Harvey et al., 2014; Meigs 

et al., 2016) to conclude that contrary to public perception (Kotack, 2016; Poppleton, 

2008), forest fire risk decreases following bark beetle infestation.  

Climate change is clearly increasing forest disturbances with drought stress being 

a large contributor and predictor of wildfires (Park Williams et al., 2012; Westerling, 

2006; Williams et al., 2010). Although drought conditions have also expanded bark 
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beetle habitat and caused ecohydrological, biogeochemical, and forest fuel structure 

changes (Hicke et al., 2012; Mikkelson et al., 2013a, 2013c), the direct perturbations 

from beetle infestation do not disproportionally appear to have contributed to increases in 

fire severity. Due to recent findings that have highlighted the influence of insect induced-

tree mortality on altering water quality (Mikkelson et al., 2013b), carbon uptake (Kurz et 

al., 2008), and climate feedbacks (Maness et al., 2012), future research should focus on 

these secondary effects of expansive forest die-off. 

Several studies have quantified fire behavior dynamics after beetle infestation 

through discrete plot analysis or modeling; however, our study used a robust empirical 

dataset of observed fire and MPB epidemic data coupled to elucidate whether these forest 

changes impact fire severity. The quantity of fires analyzed and overall agreement 

between the three data types (dNBR6, dNBR, and RdNBR) employed in the study 

provides further validation of the data processing and severity analysis procedure utilized 

along with the overall conclusion of reduced fire severity following beetle infestation. 

Additionally, the approach used in this study can be valuable for investigating other 

natural global disturbances. Although modeling and detailed plot analysis help elucidate 

the mechanisms or perturbations in natural systems resulting from a changing climate, 

large-scale temporal analysis of observed data similar to the approach described here can 

more holistically synthesize these findings and establish correlations to other observable 

secondary effects (i.e. water quality changes). Analyzing other climatically distinct 

regions experiencing increases in vegetation mortality and wildfires such as British 

Columbia (Gillett, 2004; Maness et al., 2012) or  Europe (Seidl et al., 2011) could also be 

used to establish whether there are geographical limitations to these findings. 
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While the spatial and temporal approach utilized here allowed characterization of 

numerous fires to display that burn severity declines following infestation and that 

severity is approximately equal between the red and subsequent grey phases for each tree 

species analyzed, further work is needed to elucidate this phenomenon. While the 

reduction of fuel in the canopy likely leads to the decreased burn severity found in grey 

phase trees, differences in fuel availability and burn intensity following tree death is still 

unclear and elucidation of the subsequent mechanisms responsible for lower burn 

severity in the red phase is needed. An increasing concern in the future will be the need to 

analyze shifts in burn severity during the old phase when extended tree fall occurs 

(Figure 3.1) as fallen trees can affect burn patterns (Kulakowski and Velben, 2007), 

complicate fire suppression, and impact firefighter safety (Alexander and Stam, 2003). 

While our analysis extends 15 years and captures areas experiencing windthrow of beetle 

infested-trees, millions of hectares of forests will continue to fall and understory regrowth 

will occur increasing surface and ladder fuels that complicate burn severity (Hicke et al., 

2012).  

Due to the expansive threats forest fires have on property and public health, 

wildfire concerns are driving policy and forest management decisions toward removal of 

impacted trees. For example, through the assumption linking expansive beetle-induced 

tree mortality and subsequent increases in dead fuels to elevated fire threats, $200 million 

was designated from the 2014 US Farm Bill to support fuel reduction strategies and 

mitigate wildfires risk in US National forests affected by insect infestation and disease 

(Agricultural Act of 2014, Public Law 113-791, 2014; Hart et al., 2015). Besides threats 

to property or human well-being, fire also impacts water quality and water management 
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through increased erosion and sediment transport (Smith et al., 2011). Municipal water 

providers whose watersheds are located in forested regions containing beetle-infested 

forests have removed dead trees as a mechanism to reduce increases in assumed fire risk 

(Poppleton, 2008). The results demonstrated here indicate that beetle infestation actually 

reduces fire severity and that tree removal efforts to decrease fire risk may in fact be 

eliminating a natural fire buffer with ancillary and unanticipated repercussions. Tree 

harvest has been shown to adversely impact drinking water and may lead to other 

secondary effects such as elevated nutrient concentrations or erosion impacts to streams 

(Aust and Blinn, 2004). The removal of trees may therefore cause additional impacts to 

water quality in an attempt to reduce an imaginary wildfire risk.  

There is also an economic incentive to harvest dead trees for commercial 

products, non-structural lumber, or biofuels (Poppleton, 2008; Zhou et al., 2013); 

however, wildfire suppression and prevention costs upward of ten million dollars 

annually in many National Forests in the Western US (Thompson et al., 2015). Our 

findings suggest that policy decisions regulating tree removal for economic incentives 

should therefore weigh the costs of removing dead trees that provide a natural reduction 

in fire severity. As shifts in weather patterns and fuel sources occur in arid regions in this 

period of climatic change, continued analysis of wildfire drivers is needed to enhance fire 

prediction ability, forest management, and appropriate mitigation strategies. However, a 

growing body of scientific literature suggests that large-scale bark beetle infestation may 

provide a natural buffer as an outgrowth of these same climatic drivers.     
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CHAPTER 4 

SEVERITY OF TREE MORTALITY INFLUENCES SOIL BIOGEOCHEMICAL 

RESPONSE IN A BEETLE-INFESTED CONIFEROUS FOREST 

 

Modified from a manuscript submitted for publication 

 

Brent M. Brouillard1,2, Kristin M. Mikkelson1,3, Chelsea M. Bokman1, Erin Berryman4, 

Jonathan O. Sharp1,3 

Abstract 

 Recent increases in the magnitude and occurrence of bark beetle-induced tree 

mortality are disrupting evergreen forests globally. To resolve potentially conflicting 

ecosystem responses, we investigated whether surrounding trees exert compensatory 

effects on biogeochemical signatures following beetle infestation. To this end, we 

surveyed plots containing a range of tree mortality (from 9-91% of standing trees) in the 

Colorado Rocky Mountains and sampled near-surface soil horizons under plot-centered 

live (green) and beetle-killed (grey) lodgepole pines. Sampling over two consecutive 

summers with variable moisture conditions revealed that net soil respiration was 18-28% 

lower beneath beetle infested trees and correlated to elevated dissolved organic carbon 

aromaticity. Surrounding live trees and associated subsurface processes were found to 

buffer this effect with significant increases in respiration associated with increased 

numbers of surrounding live trees. In addition to respiration, other soil properties such as 
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leachable carbon and nitrogen species were correlated to mortality phase (green vs grey) 

and severity of surrounding tree mortality. While certain edaphic parameters including 

pH and water content were elevated below grey compared to green trees, other 

biogeochemical responses required a high severity of surrounding mortality to overcome 

compensatory effects of neighboring live trees. For instance, C:N ratios declined with 

increased severity of surrounding tree mortality, while the proportion of ammonium 

displayed a threshold effect increasing primarily after surrounding tree mortality 

exceeded ~ 40%. Overall, the biogeochemical response to tree death was most prominent 

in the mineral horizon where cessation of root processes following mortality and an 

increase in top-down nutrient flux from degrading material had the largest effect on 

carbon recalcitrance and the enrichment of nitrogen species. These results can be used to 

predict fluctuating nutrient cycles that have implications for emergent growth and 

biogeochemical feedbacks to the atmosphere and hydrosphere as global forest mortality 

continues and ecosystems evolve. 

 4.1 Introduction 

While past studies have investigated seasonal and inter-annual variability of 

terrestrial biogeochemical cycling during forest recovery (Ferrenberg et al., 2014; 

Mikkelson et al., 2016b; Norton et al., 2015; Štursová et al., 2014), few have investigated 

variability due to the severity of beetle infestation (Cigan et al., 2015). In chapter four, 

we aim to better understand and resolve variable and potentially conflicting 

biogeochemical responses after beetle infestation to enhance predictions of soil 

respiration and nutrient shifts following this form of forest mortality. Motivation came 

from a precedent established following logging disturbance, which suggests that 
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geochemical responses are muted until a threshold of surrounding tree mortality is 

surpassed (Parsons et al., 1994; Prescott et al., 2003) presumably because adjacent live 

trees exert a compensatory effect on ecosystem disruption. While tree harvesting has 

notable differences from that of mortality caused by bark beetles (Adams et al., 2012; 

Mikkelson et al., 2013a), we hypothesized that an analogous threshold of localized tree 

mortality must be exceeded before a pronounced disruption of terrestrial carbon and 

nitrogen cycling is observed. To enable this inquiry, we focused our study on lodgepole 

pines (Pinus contorta) infested by bark beetles in the Colorado Rocky Mountains. Plots 

were surveyed that contained a range of beetle-induced tree mortality ranging from 9-

91% of standing trees affected. A suite of soil biogeochemical parameters (i.e. soil 

respiration, C and N species, pH) were then compared to mortality phase (healthy vs. 

deceased) and related to the severity of tree mortality within each plot. Sampling was 

conducted during two subsequent summers with variable moisture scenarios to provide 

temporal reproducibility and validation across different inter-annual climatic conditions. 

Our findings provide a foundation to better understand how and when terrestrial 

biogeochemical processes may change in association with this type of large-scale 

ecosystem disruption. 

4.2 Methods 

4.2.1 Site Selection and Characterization 

The study was performed in the White River National Forest approximately 5 km 

southwest of Frisco, Colorado (39.5427° N, 106.1460° W) in the summer of 2015 and 

2016. This site was chosen for its range of localized tree mortality severity, accessibility, 

relative homogeneity of vegetation, and uniform slope and aspect (Table B.1). The forest 
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is dominated by lodgepole pine (Pinus contorta) (USDA, 2017), which experienced 

mountain pine beetle infestation beginning between 2007 and 2008. This study focused 

on comparisons between the ‘green’ phase, when a tree is alive, healthy, and transpiring, 

and the ‘grey’ phase, with an onset 3-5 years after initial infestation when the dead tree 

has dropped its needles (Mikkelson et al., 2013a). No recent anthropogenic or natural 

forest disturbance aside from bark beetle infestation has occurred at the site.  

Thirty-eight, 8 meter radius plots were established, each centered on a green 

phase (n=7) or grey phase (n=31) sample tree. Plot-level severity of tree mortality was 

defined as percentage of dead trees relative to total number of trees in the plot and ranged 

from 9 to 91%. In the northern Rocky Mountains, lodgepole pine roots may extend 4 

meters from the trunk (Parsons et al., 1994); therefore, an 8-meter radius plot size was 

selected to include trees that may partially overlap with the root system of the sample 

tree. Only trees with diameter at breast height > 7 cm were included in mortality 

measures. Surveyed neighboring trees were primarily lodgepole pine with an occasional 

aspen (Figure B.1). All plots were located on the same hillslope and care was taken to 

account for and reduce heterogeneity in slope, aspect, soil type, land cover, tree 

circumference, and sun exposure while capturing a range of surrounding tree mortality 

(Table B.1). The aspect at each sample tree was East-Southeast with slopes ranging from 

8 to 27%.   

4.2.2 Soil Respiration Analysis 

Respiration and soil horizon sampling was conducted during three consecutive 

days in mid-July of 2015 and again in early August 2016. Soil respiration was measured 

at three polyvinyl chloride (PVC) collars positioned ~ 0.5 m from the trunk of each plot-
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center tree using a closed dynamic chamber (LI-8100 survey soil gas flux system, LI-

COR Biosciences). Collars were installed 24 hours prior to conducting soil respiration 

measurements to allow gas equilibration following installation. Care was taken to collect 

samples from three distinct locations around the tree trunk during the second summer that 

were free from disturbance arising from the previous year’s sampling event. Two CO2 

flux measurements were collected consecutively from each of the three collars around 

each sample tree. These measurements were then averaged, providing one soil respiration 

value per tree to examine effects of tree phase and surrounding tree mortality. No 

correlations were found between soil respiration and soil temperature or water content; 

therefore, no temperature or moisture corrections were performed on the respiration data.  

4.2.3 Collection of Soil Horizon Samples 

Immediately following respiration measurements, samples were collected from 

the litter, organic, and mineral horizon within each respiration collar, providing a 

reproducible zone of collection and a consistent sampling procedure (Figure B.1). 

Approximately equal volumes of horizon sample were obtained from the three collars 

around each tree (1 L total) and hand homogenized to create a representative sample for 

each tree. After collecting litter and organic layer samples within each ring, the ring was 

removed and a small hole (20 cm diameter) was dug using a hand trowel for mineral soil 

collection. Due to variable litter depth, mineral horizon samples were collected 15 cm 

below the interface between the mineral and organic horizon.  

During the first sampling season (2015), mineral soil samples were collected at all 

38 plot-center trees, whereas organic and litter samples were collected at a subset of plot-

center trees (n=25; 5 green and 20 grey phase trees) to enable sufficient processing time 
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for time sensitive variables (i.e. N species). To confirm temporal reproducibility and 

investigate whether differences in moisture conditions influenced biogeochemical 

response, additional samples were collected from all three horizons at plot-center trees in 

a subset of the original plots in 2016 (n=26; 6 green and 20 grey phase trees). 

Furthermore, 2016 mineral soil samples from each respiration collar were analyzed 

individually (as opposed to homogenization of the samples as conducted in 2015) to 

specifically associate each mineral soil sample to a respiration measurement. Mineral soil 

results for each respiration collar were then averaged together to produce a single value 

for each plot when analyzing geochemical trends in relation to plot tree mortality. 

Samples for geochemical analyses were put on ice and immediately transported to the lab 

and stored in the dark at 4 oC. Analyses were performed in less than 2 weeks.  

Daily precipitation data were obtained from two National Climatic Data Center 

gauges that were both located within 13.5 km of the study site for the week prior to 

collection through the 3rd (final) day of sampling. Sampling during 2015 resembled moist 

conditions, while the 2016 sampling event occurred under substantially drier summer 

conditions. 

4.2.4 Geochemical Analyses 

Mineral soil, organic layer, and litter layer samples were analyzed for pH (2015 

only), soil moisture, organic matter content, dissolved organic carbon (DOC), ultraviolet 

absorbance at 254 nm (UV254), total nitrogen (TN), nitrate (NO3
-), ammonium (NH4

+). 

Mineral samples were sieved through 2 mm mesh to remove large soil aggregates and all 

samples were thoroughly homogenized prior to analysis. Moisture was determined 

gravimetrically and organic matter content was measured using loss-on-ignition method 
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(Ball, 1964). Samples were dried at 105 oC for 24 hours and then placed in a 375 oC oven 

for 16 hours. Geochemical digests were performed following one hour of shaking in 1:5 

solid mass:liquid volume ratio (g/mL) for mineral and organic horizon samples and a 1:8 

ratio for litter samples. Measures of extractable DOC, UV254, TN, and ammonium were 

determined by digestion in 0.5 M K2SO4 solution (Ferrenberg et al., 2013). Extractions 

were filtered through 0.45 um polyethersulfone filters prior to aqueous analysis. DOC 

and TN were then determined using a Shimadzu TOC-550A Total Organic Carbon 

Analyzer after acidifying with HCl acid. UV254 was measured using a DU 800 

spectrophotometer. Specific UV absorbance (SUVA) was calculated by dividing UV254 

by DOC concentration to evaluate differences in aromatic structure (Drewes and Croue, 

2002). Ammonium concentrations were measured using the sodium salicylate method and 

absorbance at 650 nm with a DR 3900 Hach Spectrometer (Sparks et al., 1996). Measures 

of NO3
- and pH were determined following deionized water digests during 2015 

(Ferrenberg et al., 2013). In 2016, NO3
- analysis was conducted following the same 

K2SO4 digests as for other nitrogen species to enable a more accurate mass balance. 

While deionized water digests were found to leach similar concentrations of nitrate as 

K2SO4 digests for mineral horizon samples, deionized water mobilized higher average 

concentrations of NO3
- in the litter and organic horizons (38 and 51% higher than K2SO4 

digests, respectively). Nonetheless, overall trends were consistent between digests. 

Nitrate concentrations were determined using the dimethylphenol method and absorbance 

at 345 nm with a DR 3900 Hach Spectrometer (Moorcroft et al., 2001). The 

concentration of dissolved organic nitrogen was calculated through mass balance by 

subtracting the sum of nitrate and ammonium from the TN concentration (Kaňa et al., 
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2012, 2015). Geochemical results were normalized by kg of dry sample and C:N ratios 

were calculated as molar ratios of DOC:TN.  

4.2.5 Statistical Analyses 

Mann-Whitney rank abundance tests were used to compare biogeochemical 

parameters between plot-centered trees classified as green versus grey. Spearman and 

Pearson tests were used to assess nonlinear and linear correlations between geochemical 

results and two different plot mortality indices. Respiration trends were compared to the 

number of live trees as respiring root systems and associated live root processes play a 

significant role in overall soil respiration (Bhupinderpal-Singh et al., 2003). All other 

biogeochemical trends were related to surrounding tree mortality (number of surrounding 

grey trees/total trees) as the amount of infested trees drives geochemical shifts occurring 

from altered litterfall, nutrient/water uptake, and canopy closure (Mikkelson et al., 

2013a). Segmented linear regression was used to test for threshold relationships 

(Muggeo, 2003) between biogeochemical parameters and plot tree mortality severity 

using R (R Core Team, 2014). P-values less than 0.05 were considered significant. 

4.3 Results 

To investigate the relationship between shifting biogeochemical parameters in 

relation to the degree of local beetle infestation, soil respiration and horizon samples were 

collected below green and grey trees with varying severity of surrounding tree mortality 

that ranged from 9-91%. Distinct biogeochemical signatures were found when comparing 

parameters beneath green and grey trees along with trends related to the degree of 

surrounding tree mortality (calculated as the number of dead trees/total trees). These 
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biogeochemical results for the mineral layer are depicted in Table 4.1 (page 73) for both 

sampling years while similar statistical results for the litter and organic layer are 

displayed in Appendix B (Tables B.2-B.3). We found that some biogeochemical 

signatures were linked to plot tree mortality severity, while others were disrupted under 

beetle-killed trees regardless of mortality severity.  

The 2015 results represent geochemical differences under wetter conditions as 

averaged cumulative precipitation between two local gauges displayed more than 4 times 

as much cumulative rainfall prior to and during the sampling event when contrasted with 

2016 (37.6 and 8.9 mm; respectively, over 9 days). This resulted in average mineral soil 

moisture conditions that were 33% greater under green trees and 58% greater below grey 

trees when contrasting these wet and dry periods (Table 4.1). Aside from soil respiration 

results, significant geochemical differences and trends were typically consistent for both 

years analyzed, although higher N and C concentrations were found in the litter and 

organic horizons during the drier 2016 conditions.    

4.3.1 Altered Soil Respiration Following Tree Mortality 

            Root respiration ceases following tree die-off and shifts in nutrient cycling may 

affect microbial respiration in the subsurface. To explore the implications of these 

changes, soil respiration was analyzed to determine differences below tree phases and to 

elucidate trends linked to surrounding tree mortality. Overall, respiration was elevated 

during wet conditions (2015) compared to dry conditions (2016) for both tree phases. 

Average soil respiration below grey trees was 18 and 28% lower than green trees during 

the 2015 and 2016 sampling events (respectively); however, this difference was only 

significant during 2016 (Table 4.1, Figure 4.1).  
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Table 4.1: Changes in mineral layer biogeochemical properties as a function of tree stage 
and sampling year. Significant differences are denoted in bold with an asterisk (p-value < 
0.05). 

 



 
74 

 

Figure 4.1: Changes in soil respiration below green and grey phase trees during the 2015 (wet 

conditions) and 2016 (dry conditions) sampling events.  Boxes are representative of the upper and 
lower quartiles and whiskers represent the maximum and minimum values. Points represent 
outliers. 

 

 When evaluating links between soil respiration and plot mortality indices, soil 

respiration was found to correlate strongest with the number of live tress within each plot. 

Although average soil respiration beneath grey trees was found to be lower than under 

green trees, soil respiration rates below grey trees approached those of green trees as the 

number of surrounding healthy trees within the plots increased in 2015 (Figure 4.2, Table 

4.1). A similar trend was not found during the dry 2016 conditions.  
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Figure 4.2: Soil respiration beneath grey phase trees during the 2015 (wet conditions) 
sampling event compared to the number of surrounding green trees within 8m. For 
comparison, the dashed green line shows the average soil respiration under green trees 
during 2015. 

 

As respiration increased with number of surrounding live trees in 2015 potentially 

due to root derived nutrients that shift soil respiration, trends were evaluated between 

mineral layer nutrients (C and N) and soil respiration for each collar individually in 2016. 

Although a relationship between soil respiration and DOC or N-species concentrations 

was not found, soil respiration significantly declined with increased SUVA in the mineral 

layer (Figure B.2). This trend of decreased respiration with elevated carbon aromaticity 

was found both when SUVA and respiration were determined individually for each ring 

(2016) and when SUVA was calculated from the binned samples and compared to the 

average soil respiration beneath each tree (2015). 
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4.3.2 Edaphic Shifts Under Beetle-killed Trees 

 Analogous to soil respiration, geochemical parameters were found to differ 

depending on tree phase. Specifically, water content was significantly higher in the 

organic and mineral horizons and pH was significantly higher in all three horizons when 

comparing soils under grey compared to green phase trees. However, despite differences 

in these parameters under grey phase trees, there was no correlation to the severity of 

surrounding tree mortality (Tables 4.1, B.2 – B.3). Soil organic matter content, on the 

other hand, was not significantly different under green versus grey phase trees in any soil 

horizon (Table 4.1, B.2 – B.3).  

As N speciation can be sensitive to and vary with forest disturbance (Mikkelson et 

al., 2013a), we analyzed the primary components of the soil TN pool (organic N, 

ammonium, and nitrate) relative to tree phase and surrounding tree mortality. The 

concentration of TN was not significantly different between tree phases and did not 

associate with surrounding tree mortality except in the litter horizon in 2016, where it 

increased modestly in conjunction with surrounding tree mortality and exhibited 

differences between green and grey trees (Tables 4.1, B.2 – B.3). Similarly, organic N 

and nitrate concentrations were not significantly different between green and grey trees 

and did not consistently shift with increasing tree mortality (Tables 4.1, B.2 – B.3). 

Ammonium, on the other hand, was found to be significantly higher under grey compared 

to green trees in the mineral horizon and was found to increase with the level of 

surrounding tree mortality in all horizons (Tables 4.1, B.2 – B.3). While the majority of 

trends related to the concentration of nitrogen species were not compelling, in all sampled 
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horizons and across both time points there was a marked change in the N species 

composition of the TN pool as severity of tree mortality increased (Figure 4.3).  

 

Figure 4.3: Changing composition of the total nitrogen pool relative to surrounding tree 

mortality. LOESS smoothing indicated by the solid lines was conducted on N species under grey 
phase trees. Green trees are excluded from the smoothing regression but are included graphically 
for comparison. Shaded area represents the 95% confidence interval.  

 

Organic N dominated in all soil horizons and was typically higher under green 

trees, constituting an average of 61-70%, 65-68%, and 71-74% of the TN pool in the 

litter, organic, and mineral horizons, respectively for both years. Under grey phase trees 
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organic N still dominated the TN pool but at lower percentages (50-61%, 52-54%, and 

60% in the litter, organic, and mineral horizons; respectively) for both years. The relative 

proportion of organic N under grey phase trees also decreased as surrounding tree 

mortality increased (Figure 4.3; Tables 4.1, B.2 – B.3; p-value < 0.05 for all horizons in 

both years). In contrast, the proportion of nitrate in the TN pool was not significantly 

different between grey and green phase trees in any horizon and was unaffected by 

surrounding tree mortality (Figure 4.3; Tables 4.1, B.2 – B.3).  

In investigating the proportion of ammonium in the TN pool across both years, 

ammonium generally increased in all horizons in association with the severity of 

surrounding mortality (Figure 4.4; Tables 4.1, B.2 – B.3; p-value < 0.05). Interestingly, 

the proportion primarily increased when surrounding tree mortality surpassed a threshold 

of approximately 40%. For grey phase trees surrounded by less than 40% tree mortality, 

the proportion of ammonium was typically low and comparable to that observed under 

green trees. 

We also investigated the concentration and character of the leachable DOC pool. 

The concentration of DOC did not significantly differ between green and grey trees nor 

was it related to plot-mortality severity (Tables 4.1, B.2 – B.3). However, carbon 

aromaticity, and by association recalcitrance, was elevated below grey phase trees 

compared to green trees in the mineral horizon in 2016, with SUVA increasing by an 

average of 21% under grey phase trees (Table 4.1). Analyzing variations in SUVA 

between green and grey phase trees also suggests differences in recalcitrance in the upper 

horizons for both years, with averaged p-values approaching statistical significance (p-

value: organic horizon=0.054, litter horizon=0.096). Furthermore, SUVA increased 
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significantly with elevated surrounding tree mortality in the mineral horizon for both 

years (Table 4.1; p-value < 0.05).   

 

Figure 4.4: The proportion of ammonium under green and grey phase trees surrounded by 

varying levels of tree mortality in each horizon. The dotted black line represents the approximate 
threshold of tree mortality (40%) for an ammonium response in each horizon (with the exception 
of the mineral horizon in 2015 and two outliers in the litter horizon during 2016).  

 

4.3.3 Shifts in C:N Ratio Linked to Surrounding Tree Mortality  

Given their interrelated feedbacks, the relative abundance of C versus N (C:N 

ratio) was used to examine the relationship between relevant biogeochemical processes 
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after bark beetle impact. In the lower two horizons (organic layer and mineral soil), C:N 

ratios were significantly reduced under grey trees when contrasted to green trees (Tables 

4.1, B.3; p-value <0.05). For example, averaged C:N ratios were 22-40% lower under 

grey compared to green trees in the mineral horizon (Table 1). In addition, C:N ratios 

decreased as the severity of surrounding tree mortality increased in all horizons except 

the mineral horizon in 2015 (Figure 4.5; Tables 4.1, B.2 – B.3; p-value <0.05). 

In building upon these trends, ammonium concentrations were coupled to C:N 

ratios across all soil horizons (Figure 4.6, page 82). Ammonium concentrations typically 

began to rise once the C:N ratio declined past a quantifiable breakpoint; however, the 

value of this breakpoint differed by soil horizon. The C:N ratio for this transition from 

baseline to elevated ammonium concentrations decreased in the lower horizons in 2015, 

from 29:1 in the litter, to 18:1 in the organic and mineral horizons. This segmented 

breakpoint trend was also displayed during 2016 with values of 29:1 in the litter and 26:1 

in the mineral horizons. In the organic horizon, however; even though ammonium was 

still found to significantly increase as the C:N ratio declined, there was no significant 

breakpoint. Collectively, these trends demonstrated that the accumulation of ammonium 

typically occurred when the abundance of C relative to N was below a particular level in 

each soil horizon. 
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Figure 4.5: The C:N ratio under green and grey phase trees surrounded by varying levels of tree 

mortality in each horizon during the 2015 and 2016 sampling events.  
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Figure 4.6: The relationship between the concentration of ammonium and C:N ratio under green 

and grey phase trees in the litter, organic, and mineral horizon. The vertical axes scale differently 
between horizons and years. One data point with C:N = 79 from the organic horizon in 2015 and 
one data point with an ammonium concentration of 98 mg N/kg dry soil from the litter horizon in 
2016 were omitted to improve data visualization, but follow overall trends. 
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4.4 Discussion 

By studying changes to soil biogeochemical parameters along a continuum of tree 

mortality, we gained insights into mechanisms associated with larger-scale C and N 

cycling. Previous studies typically compared biogeochemical response between an 

unimpacted versus a beetle-impacted plot (Bearup et al., 2014; B. M. Brouillard et al., 

2016; Mikkelson et al., 2016b), which may introduce geographic biases occurring from 

differences in elevation, soil type, vegetation, and aspect between sites. Additionally, 

these paired-plot studies provide biogeochemical results for one level of infestation and 

ignore the potential for adjacent surviving trees to mitigate post-infestation terrestrial 

response. The work herein provides a different perspective by analyzing biogeochemical 

perturbations beneath trees with a range of surrounding tree mortality (plot-level 

severity=9-91%) located on the same hillslope to minimize biases (Table B.1). In doing 

so, it also brings insight into conflicting results regarding shifts in carbon and nitrogen 

cycling following beetle infestation that may have arisen from differences in tree 

mortality levels. Our results depict physicochemical shifts both as a function of 

surrounding mortality and tree phase to allow predictive insights into when and where 

biogeochemical shifts are expected following beetle-induced tree mortality.  

In the case of bark beetle infestation, nutrient inputs to the soil are altered as 

rhizodeposition ceases followed by enhanced litter fall enriched with N and recalcitrant C 

(Morehouse et al., 2008). As the canopy diminishes following accelerated needle fall, soil 

properties such as water content and pH can change with reported trends being fairly 

consistent across studies (Kaňa et al., 2012; Mikkelson et al., 2013a). Similar to other 

beetle-killed forests (Kaňa et al., 2012; Xiong et al., 2011), we found higher pH values 
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under grey phase trees in all sampled horizons regardless of the acidic needle drop. We 

also observed higher water content under grey phase trees in the mineral horizon during 

both annual moisture condition sampling events, presumably due to limited canopy 

interception and decreased root uptake (Mikkelson et al., 2013a). These broad findings 

agree with previous results depicting elevated pH and soil moisture with beetle-induced 

lodgepole mortality in mineral soils in western Canada (Cigan et al., 2015) and were not 

dependent on the level of surrounding tree mortality. 

Unlike alterations to soil moisture and pH after beetle infestation, reported 

changes to soil respiration are variable following tree mortality (Binkley et al., 2006; 

Hogberg et al., 2001; Moore et al., 2013; Morehouse et al., 2008; Speckman et al., 2015). 

While beetle infestation may exacerbate climate feedbacks, previous studies investigating 

total carbon fluxes disagree, with some predicting a switch from a C sink to a C source 

(Kurz et al., 2008) and other monitoring studies showing a muted response (Speckman et 

al., 2015) or a decline in respiration (Moore et al., 2013). We propose that severity of tree 

mortality is an essential component to take into consideration when estimating the impact 

on CO2 flux. Respiration below grey trees declined by 18-28% compared to green trees 

(Figure 4.1), which is likely attributed to the cessation of root respiration following 

mortality. However, a compensatory effect from surrounding live trees was found to 

increase respiration rates to those comparable to green trees during wet conditions once 

the number of surrounding green trees reached approximately 40 within an 8m radius 

(Figure 4.2). This trend likely occurred due to respiration associated with root systems 

from adjacent green trees that can extend below grey trees in these typically dense 

lodgepole pine forests (Parsons et al., 1994). Symbiotic microbial communities 
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associated with tree roots decline following tree mortality (Štursová et al., 2014), which 

likely decreases soil microbial respiration; however, surrounding live root systems may 

provide additional root exudates that maintain microbial respiration at pre-infestation 

levels once a certain density of green trees is reached. The higher soil moisture found 

under grey trees, particularly during the wetter sampling event, may further increase the 

mobility of these root exudates and make them more accessible to microbial 

communities. This may also help explain the larger variance in soil respiration below 

grey trees in the wet year (2015) compared to the dry year (2016). During dry conditions, 

soil respiration rates below grey trees varied little from plot to plot. In contrast, soil 

respiration was more variable below grey trees in the wetter 2015 conditions as different 

concentrations of root exudates from surviving root systems were mobilized depending 

on the number of surrounding live trees. Similar to prior work, respiration was elevated 

during wet conditions for both tree phases, which may occur due to suppression of 

microbial activity during dry conditions (Allison and Treseder, 2008; Orchard and Cook, 

1983). 

Further evidence of the importance of labile root exudates in maintaining root 

respiration below grey phase trees emerged when analyzing trends between carbon 

aromaticity and soil respiration (Figure B.2). As carbon aromaticity increased in the 

mineral horizon below grey trees, soil respiration declined. Recalcitrant carbon from 

degrading plant material is not as easily utilized as labile carbon from root exudates, 

possibly decreasing microbial respiration. While this study did not differentiate the 

proportion of CO2 flux that was derived from root respiration compared to microbial 

respiration, future work should be directed toward determining the shifts and drivers that 
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impact respiration partitioning following tree mortality. Prior work has found soil 

respiration to remain stable after beetle infestation in spruce forests in the Rocky 

Mountains (Speckman et al., 2015); however, the work herein suggests that respiration at 

the ground surface declines after beetle infestation in lodgepole forests. Additionally, soil 

respiration under beetle-infested trees was dependent on the number of surrounding green 

trees during moist conditions, providing evidence of a compensatory effect and the 

potential for regrowth to increase soil respiration. Discrepancies in previous studies may 

stem from differences in the density of live trees between sites or moisture conditions that 

enhance heterotrophic respiration in the subsurface (Berryman et al., 2013).  

Unlike soil respiration, tree-scale leachable-carbon concentrations did not 

significantly differ between green and grey phase trees or correlate with degree of 

surrounding tree mortality. Conversely, elevated carbon recalcitrance was associated with 

increased severity of plot mortality. Prior work has also found increases in carbon 

recalcitrance following beetle infestation in soil digests in European Spruce forests (Kaňa 

et al., 2015). However, shifts in surface water quality and carbon recalcitrance were not 

found in the Colorado Rocky Mountain region until greater than 50% of a watershed was 

beetle-impacted (B. M. Brouillard et al., 2016). This provides further support to our 

guiding hypothesis that biogeochemical shifts are tied to the level of impact and can be 

mitigated by compensatory effects from surviving trees in forested regions experiencing 

lower severities of mortality. 

Analogous to soil respiration variations following tree mortality, reported changes 

to terrestrial nitrogen cycling are variable (Biederman et al., 2016; Cigan et al., 2015; 

Edburg et al., 2012; Ferrenberg et al., 2014; Griffin et al., 2011; Huber, 2005; Kaňa et al., 
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2015; Mikkelson et al., 2013a, 2016b; Morehouse et al., 2008; Norton et al., 2015) and 

our study lends insight into these discrepancies. Lodgepole pine forests in the Rocky 

Mountains are typically N-limited (Stump and Binkley, 1993); however, the elevated 

proportion of ammonium and altered C:N ratio observed in this study suggest that 

organic decay and changing carbon properties are influencing nitrogen availability. 

Interestingly, accumulation of the ammonium proportion was most pronounced when 

grey phase trees were surrounded by at least 40% tree mortality. This pattern suggests 

that N-speciation is buffered until a threshold of surrounding tree mortality is surpassed. 

When evaluating the ammonium proportion individually by year, the 40% threshold is 

still pronounced with the exception of the mineral layer in 2015 and the litter layer in 

2016 (Figure 4.4; Tables 4.1, B.2 – B.3). The elevated proportion of ammonium below 

grey trees in some of the 2015 mineral samples may be due to the higher moisture 

conditions, which could mobilize N sourced from decaying tree material in the upper 

horizons down to the mineral layer. Additionally, the litter horizon had aged an additional 

year by 2016, which may have impacted the proportion of ammonium within the needles 

and prevented a visible threshold effect comparable to what was seen in 2015.  

The relative enrichment in ammonium associated with the extent of surrounding 

tree mortality could be the result of several mechanisms that are consistent with the 

observed increases in SUVA and elevated ammonium concentrations under grey phase 

trees with decreasing C:N. Nitrification may be limited by the cessation of easily 

utilizable root exudates that decreases microbial activity as remaining carbon stores 

become more refractory. Annual fluxes of N from litter fall have been found to more than 

double following beetle infestation (Kaňa et al., 2012), not only increasing N in the litter 
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horizon but subsequently the deeper horizons as woody material is degraded and nutrients 

are mobilized. This alteration to the nitrogen pool is intensified by a lack of nutrient 

uptake by the now inactive tree system (Mikkelson et al., 2013a).  

We observed lower C:N ratios beneath grey compared to green phase trees, 

indicating that N becomes more abundant relative to C in the mineral and organic 

horizons and changes were magnified as the severity of mortality increased (Figure 4.5; 

Tables 4.1, B.2 – B.3). Furthermore, ammonium accumulation primarily occurred after a 

certain C:N breakpoint value, potentially indicating when N-saturation begins to occur in 

each horizon relative to C (Figure 4.6). The TN pool transitioned from being 

predominantly organic N (a result of decaying plant biomass, rhizodeposits and microbial 

biomass) to being comprised of more inorganic ammonium produced by N mineralization 

as surrounding tree mortality increased. This shift in the organic N proportion may also 

suggest less of the total N pool is microbially assimilated. Microorganisms can adapt to 

nutrient availability shifts through community structure fluctuations following beetle 

infestation (Mikkelson et al., 2016a, 2016b) as competitive advantages change and by 

altered nitrogen use efficiency (NUE) where microbes waste excess N in the form of 

ammonium (Mooshammer et al., 2014). Furthermore, net ammonification and carbon 

recalcitrance have previously been found to increase under beetle-impacted spruce stands 

(Kaňa et al., 2015), providing validation of the links between elevated ammonium, 

increased microbial-N mineralization, and carbon recalcitrance. These results suggest that 

NUE is altered and bioavailable carbon is scarce relative to nitrogen under grey phase 

trees, enhancing net ammonification, decreasing nitrification, and further contributing to 

ammonium accumulation.  
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Unlike systemically N-saturated European forests, increased nitrate accumulation 

after bark beetle infestation does not appear to be happening in the comparatively 

nitrogen limited Colorado Rocky Mountains. With the largest solubility and repulsive 

interactions with positively charged soil particles (Tate, 1995), nitrate may exit the soil 

system rapidly in the aqueous form; however, prior work has not found increased 

leaching of nitrate in these forests following infestation (Biederman et al., 2016; Rhoades 

et al., 2013). Alternatively, nitrate may be transformed through denitrification and exit 

the system as N2, N2O, and/or NO as was observed in response to beetle infestation in the 

Rocky Mountains four years after initial infestation (Norton et al., 2015) and following 

tree girdling experiments in Swiss forests (Krause et al., 2013). Alarmingly, this suggests 

that widespread beetle infestation may lead to increased flux of the potent greenhouse gas 

N2O from the soil.  

Shifts in nutrient and edaphic parameters below grey phase trees were most 

pronounced in the mineral layer due to both top down inputs of nutrients from the upper 

horizons and the cessation of root exudates (largely composed of labile C) in the mineral 

horizon where fine root hair structures in lodgepole pines are localized (Walker et al., 

2003). Following mortality, this loss of rhizodeposits can help explain the lower C:N 

ratios under grey phase trees in this horizon. Although not statistically significant, 

average DOC concentrations declined and TN concentrations increased in the mineral 

horizon of grey phase trees (Table 4.1) during both sampling years, which supports this 

interpretation and corroborates findings from other beetle-killed forests (Mikkelson et al., 

2016b). The litter and organic horizon on the other hand appear to be primarily affected 

by top down inputs of recalcitrant C- and N-enriched litter from surrounding beetle-killed 
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trees, which is mobilized through litter decay and altered leaching processes (Mikkelson 

et al., 2013a).  

Our study lends insight into why the same biogeochemical response is not always 

observed in different beetle-killed forests. While certain biogeochemical signatures 

significantly differed between green and grey phase trees regardless of surrounding tree 

mortality, many parameters were found to shift with the severity of mortality within each 

plot. This dependency on the severity level of infestation demonstrates the ability of live 

tree root systems to buffer edaphic shifts at low severity levels and it would be insightful 

to determine if similar shifts are observed in other N-limited forest types; for example, 

spruce (Picea spp.) do not have the same root structure, tree density, or temporal 

deposition of needles following beetle infestation as the investigated lodgepole pines do. 

These results support prior findings where forests with low levels of infestation 

experienced minimal shifts in edaphic parameters and water quality compared to highly 

infested forests (B. M. Brouillard et al., 2016; Mikkelson et al., 2016b) demonstrating the 

resiliency of a forest during low-severity insect disturbances and highlighting the ability 

of increased woody debris and nutrient flux from the canopy to alter biogeochemical 

cycling with elevated mortality levels. 

Determining disturbance effects on biogeochemical cycling is often difficult due 

to unpredictable weather conditions or shifts in nutrient cycles with time. Our study 

captured two contrasting moisture regimes and found consistent trends related to tree 

mortality phase and severity of plot mortality across both years. Furthermore, while the 

bulk of previous research investigated shifts in biogeochemical parameters that occurred 

within the first few years of infestation (Mikkelson et al., 2013a), we found altered soil 
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respiration and C/N shifts nearly a decade after impact. This demonstrates the long-term 

implications associated with forest mortality even after labile portions of impacted trees 

have degraded (Prescott et al., 2000). Nitrogen cycling in particular appears significantly 

altered when this Rocky Mountain ecosystem has a high level of tree mortality, although 

our study suggests that the proportions of the TN pool are more likely to change as 

opposed to the total amount of nitrogen. Collectively, these biogeochemical shifts could 

lead to this N-limited ecosystem experiencing a relative enrichment in nutrient 

availability that could favorably influence emergent growth and ecosystem rebound 

following beetle infestation. While the work herein focused on tree-scale C and N 

cycling, future studies could investigate the threshold biogeochemical response at the 

watershed or regional scale to enable better ecological predictions after forest disturbance 

as recent findings have shown that large forest disturbances can have global 

repercussions (Garcia et al., 2016). 
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CHAPTER 5 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

 Collectively, the research presented in this thesis analyzed the biogeochemical 

and ecological impacts following bark beetle infestation in the Rocky Mountains over the 

last two decades. While elevated forest drought stress has caused unprecedented insect 

infestation and subsequent mortality of coniferous forests across Western North America, 

diseases and insect infestations are also occurring in both coniferous and deciduous 

forests in the Eastern United States (Herms and McCullough, 2014; Vendettuoli et al., 

2015). Furthermore, analogous infestations and disease are occurring in regions of 

Europe and Asia that are likely driving similar shifts in water quality and biogeochemical 

cycling (Štursová et al., 2014; Tokuchi et al., 2004). Conducting similar analyses to the 

ones presented here can aid in the management and prediction of the secondary effects 

that occur following these forest disturbances. As forest drought stress continues over the 

next century, global forest mortality is predicted to continue (McDowell et al., 2015; Park 

Williams et al., 2012) and the findings presented here can be used to infer 

biogeochemical and ecological impacts associated with these future incidences of insect-

induced tree mortality.  

As seen in chapter two, surface waters utilized for municipal purposes may be 

impacted as increased aromatic carbon loading from degrading tree material elevates 

DBP formation following chlorine disinfection at water treatment facilities. However, 

this trend was primarily found in watersheds with >50% areal infestation, demonstrating 

the ability for low-impacted watersheds to mitigate alterations in carbon cycling.  
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Elevated carbon loading in impacted watersheds primarily occurred after hydrologic 

events (runoff, high precipitation) and was exacerbated in the summer and fall months 

potentially due to increased carbon mobilization with elevated water tables in high-

impacted watersheds. Although increased carbon loading and aromatic character in beetle 

infested watersheds was found to increase DBP formation, other physical and chemical 

mechanisms associated with climate change and forest mortality may also be elevating 

DBP formation and deserve further investigation. For example, increased water 

temperatures can increase the formation of DBPs (Nikolaou and Lekkas, 2001) and future 

work can elucidate whether climate change or other drivers that elevate water 

temperature can help explain increases in DBPs within Rocky Mountain watersheds. 

Additionally, increases in pH can elevate THM production but decreases HAA formation 

(Nikolaou and Lekkas, 2001). Many studies along with the results from chapter 4 have 

found elevated pH under beetle-impacted trees (Cigan et al., 2015; Mikkelson et al., 

2016b). If this translates to elevated pH in surface waters, this may help explain why 

historical increases in TTHM concentrations following beetle infestation were found 

(Figure 2.2) while HAA5 concentrations didn’t increase over a similar timeframe.  

Due to public concern regarding heightened wildfire risk following beetle 

infestation, chapter three evaluated the links between wildfire severity and beetle 

infestation. Counter to this intuition, mountain pine beetle-impacted lodgepole and 

ponderosa pine forests were found to burn less severely than unimpacted forests. These 

findings contribute to a growing body of research suggesting that wildfire occurrence and 

severity does not increase following bark beetle infestation (Hart et al., 2015; Meigs et 

al., 2016). Additionally, this research can help aid future forest management and prevent 
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costs associated with removal of beetle-infested trees due to this perceived wildfire 

threat. Finally, chapter four investigated the potential for live trees to buffer 

biogeochemical shifts following infestation. While some edaphic parameters including 

pH and water content were significantly different between green and grey phase trees, 

others responded with the severity of surrounding tree mortality (proportion of nitrogen 

species, C:N ratio, and carbon aromaticity). These conclusions help to resolve and 

explain observations from prior work, demonstrating why the same biogeochemical 

differences may not occur in sites experiencing low rates of tree mortality compared to 

sites with higher severities of beetle-induced tree mortality (Mikkelson et al., 2016b). 

 Although regions most susceptible to mountain pine beetle infestation have been 

impacted in the Rocky Mountain Region and new incidences of infestation have 

dramatically declined (Figure 2.1), many of the biogeochemical responses and water 

quality effects presented here have persisted for nearly a decade. This demonstrates the 

long-term impacts associated with this form of tree die-off and future work should 

continue to monitor these shifts, particularly those that have human health implications 

(DBP formation). Increased water quality monitoring particularly during peaks in DBP 

precursor mobilization during hydrologic events can help predict when DBP formation 

may exceed MCLs and can be used to mitigate altered water quality by informing 

potential alternative treatment processes that reduce DBP precursor levels. While 

increased nitrate release has not occurred in the nitrogen-limited Rocky Mountain 

ecosystems that forms the foundation of this work compared to beetle infested regions in 

nitrogen saturated European forests (Biederman et al., 2016; Rhoades et al., 2013), nitrate 

may be leaving forested soils through denitrification to N2O (Norton et al., 2015). 



 
95 

Increased release of this potent greenhouse gas may produce positive feedbacks toward a 

warming climate. Low C:N ratios and associated increases in ammonium (Figures 4.5, 

4.6) below grey phase trees with high surrounding tree mortality indicates an enrichment 

in N, and future work could investigate if this elevates N2O flux during wet conditions. 

Additionally, as nitrogen speciation appears particularly sensitive following tree death as 

seen in chapter four, additional research could focus on elucidating nitrogen species 

transformations and transport through a forested watershed and determine fluxes to the 

hydrosphere and atmosphere.  

 As bark beetle infestation within North America has caused unprecedented 

mortality of lodgepole pine forests, prior work and the research presented in this thesis 

evaluating shifts in biogeochemical and hydrologic cycling following mountain pine 

beetle infestation has focused on this tree species. Although many of the overarching 

principals found through this work can be translated to other coniferous species following 

insect-induced mortality, changes in tree structure or the variable timing of mortality 

phases (i.e. litterfall rates) can create differences in biogeochemical and ecological 

response. For instance, the decreased canopy density between lodgepole and ponderosa 

pine may explain the differences in fire severity between these two species and their 

unimpacted controls (chapter three). Future research could determine whether threshold 

biogeochemical responses similar to the ones observed here are evident in other 

coniferous species that contain different root structures, needle fall rates, and needle 

chemistries.  

 Work has recently begun within our laboratory group that will focus on nutrient 

flux rates from coniferous needles and to elucidate how needle degradation processes 
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following beetle infestation impact biogeochemical cycling. This field study located in 

Crested Butte, Colorado will investigate degradation rates of two species of coniferous 

needles along with monitoring subsequent mobilization of C and N species through 

gaseous and soil-water sampling. Additionally, by importing and deploying needles at 

different elevations and inducing early snowmelt, this study will investigate how variable 

moisture and temperature regimes will affect degradation rates and nutrient fluxes which 

can be used to predict biogeochemical response in an altered climate. The needle plots 

were deployed in the fall of 2016 and will be monitored over the following two years 

(Figure 5.1).  

 Spruce needles from trees recently impacted by bark beetle infestation were 

deployed in PVC rings along with naturally senesced spruce and lodgepole pine needles. 

As needle litter from beetle-killed trees has an altered chemical composition compared to 

naturally-senesced litter (Griffin et al., 2011; Morehouse et al., 2008), measuring 

degradation and nutrient flux rates between these needle types can better inform 

biogeochemical shifts discussed in this thesis. Some plots also contain twice the mass of 

impacted needles as others, which will elucidate the extent that increased litterfall rates 

have in altering subsurface and atmospheric C and N fluxes. In addition to investigating 

needle degradation processes, extensive expansion of spruce beetle is occurring in 

proximal regions of southwest Colorado (Colorado State Forest Service, 2017) allowing 

threshold hypotheses similar to the ones investigated in chapter four to be analyzed in a 

different forest type to see if consistent biogeochemical responses are observed in relation 

to the severity of spruce beetle infestation.     
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Figure 5.1: Diagram depicting the plot layout and sampling schedule for the coniferous 
needle degradation project implemented during the fall of 2016 in Crested Butte, CO. 

 

 

 

 

 

 

 

 

 

 

Elevation Plot layout Key Deployment and Sampling Timeline 

Fall ‘16 Site setup: litter collection and  

deployment 

Summer  ‘17 Geochemical Analyses* 

Fall ‘17 Sacrifice one ring per row: 

Analyze needle and soil chem 

No Litter Control 

Green Spruce Needles 
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Subalpine: 
11,400’  

Lower 
Subalpine: 
10,400’  

Induced early 

snowmelt 

Red Spruce Needles 

Summer ‘18 Geochemical Analyses* 

Fall ‘18 
Sacrifice remaining  

3 rings per row: 
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*Geochemical Analyses=soil water 

and gas fluxes 

Lower 
Montane: 
9,700’  

Lodgepole Needles 

Red Spruce Needles 

x2 Depth 
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APPENDIX A 

SUPPLEMENTAL INFORMATION TO CHAPTER 2 

Table A.1: Watershed characteristics. 

 

 

Table A.2: Historical trends in total organic carbon (TOC) and total trihalomethane 
(TTHM) concentrations from 2004-2014 for all watersheds analyzed. 

 

 

Table A.3: Historic quarterly five haloacetic acid (HAA5) and total trihalomethane 
(TTHM) concentration samples collected from the distribution system for Environmental 
Protection Agency reporting.  Units are ug/L. 
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Figure A.1: Water quality parameters for each individual watershed during 2013 and 
2014 surface water sampling with panels displaying a. total organic carbon b. total 
specific ultraviolet absorbance (TSUVA) c. total trihalomethane (TTHM) formation 
potential and d. five haloacetic acid (HAA5) formation potential. 

 

A.1 Additional Carbon Character Analysis Information 

 Fluorescence index was calculated from the ratio of intensities at emission 

wavelengths 470 and 520 nm (both at an excitation wavelength of 370 nm) (McKnight et 

al., 2001). Maximum intensities for Peak A were found between 240-270 nm excitation 

and 380-460 nm emission and Peak C maximum intensities were found between 300-360 

nm excitation and 400-480 nm emission (Coble, 1996). Fluorescence regional integration 

was also found for five regions in the EEMs which were defined as: aromatic protein 

Region I (ex: 240-250 nm; em: 280-330 nm); aromatic protein Region II (ex: 240-250 

nm; em: 331-380 nm); fulvic acid-like Region III (ex: 240-250 nm; em:381-580 nm); 
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soluble microbial byproduct-like Region IV (ex: 252.5-450 nm; em:280-380 nm); and 

humic acid-like Region V (ex: 252.5-450 nm; em:381-580 nm) (Chen et al., 2003). Due 

to instrument limitations with the lowest excitation wavelengths beginning at 240 nm 

creating smaller Regions I-III compared to what is typical, most attention was given to 

Region IV and V. As some samples were damaged in transport or were lost in shipping, 

the fluorescence index, specific peak intensity, and fluorescence regional integration 

results displayed below represent the averaged values for eight sampling dates when all 

watershed samples were tested to prevent bias. Standard deviation values are shown for 

temporal variability. 

A.2 Additional Climatic and Vegetative Difference Analyses 

Historical analysis of precipitation data exhibited either insignificant (two 

watersheds) or drying trends (3 watersheds) during the analysis period with a maximum 

slope of -1.42 mm yr -1. Although the watersheds displaying a decreasing precipitation 

trend were high or moderate impact watersheds, drier conditions aren’t expected to be the 

culprit for the observed increasing TOC or TTHMs slopes; rather, it supports the link 

between drought and expanding insect infestation (Raffa et al., 2008; Williams et al., 

2010). Specifically, peaks in TOC concentration and DBP precursor levels occur during 

flushing events in spring and summer months as snow melts (Figure 3.3). Therefore, 

decreasing precipitation should lower TOC degradation and transport, yet an increasing 

trend still occurs in high impacted sites. Historical temperature data were available for 

three watersheds analyzed in the study, which also displayed limited trends during the 

analysis period with Aspen being the only watershed displaying a significant slope of -

0.07 oC yr -1. Precipitation normals between all 6 watersheds were found to be 
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significantly different, presumably due to watershed location and orographic effects 

(Houze, 2012) with annual rates ranging from 0.29 to 0.663 m/yr while temperature 

normals between watersheds were not significant. When comparing 30-year precipitation 

normals for two watersheds at a time it is clear that precipitation rates are not a primary 

control on water quality differences across infestation bins as normal precipitation rates 

were not significantly different between Aspen and Steamboat (P-value=1.00) or Granby 

and Glenwood Springs (P-value=0.095).  

The majority of evergreen forest watersheds in the Rocky Mountain region are 

now beetle impacted. This limited control watersheds to those containing more area 

above tree line where rock outcrops, talus slopes, and other regions free of vegetation are 

found. Vegetation differences likely contribute to the higher TOC and DBP precursor 

levels in the moderate and high impact sites compared to control facilities (Hood et al., 

2005), but this does not explain the historical increasing trends seen following beetle 

infestation as vegetated area remained constant, suggesting differences in organic carbon 

concentration is associated with beetle-induced forest die-off. Additionally, the percent of 

each watershed classified as developed in the NLCD revealed no or insignificant changes 

between 2001 and 2011, negating the possibility of increased development driving TOC 

historical trends in the high impact sites (Table A.4). 

Table A.4: Percentage of each watershed developed in 2001 and 2011. 
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Table A.5: Precipitation rates for each watershed shown as a percentage compared to the 
30-year average monthly rate, with all watersheds displaying precipitation rates of 
approximately 200% of the 30-year average during September 2013.  

 

 

 

Figure A.2: Linear trends and correlations for ultraviolet absorbance spectroscopy at 254 
nm versus (a) total trihalomethane (TTHM) or (b) five haloacetic acid (HAA5) formation 
potential. Linear trends and correlations for total specific ultraviolet absorbance 
(TSUVA) versus (c) TTHM or (d) HAA5 formation potential. Linear trends and 
correlations for total specific ultraviolet absorbance (TSUVA) versus (e) carbon 
normalized TTHM formation potential or (f) carbon normalized HAA5 formation 
potential. The data presented encompasses 2013-2014 surface water sampling results 
across all sites. Significance was established with p-values for all plots being < 0.001. 
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APPENDIX B 

SUPPLEMENTAL INFORMATION TO CHAPTER 4 

 

Figure B.1: Diagram depicting (a) survey methods quantifying severity of plot mortality 
and (b) biogeochemical sampling methods. 

 

Table B.1: Table of site descriptive characteristics. Grey-centered tree plots are binned by 
percent of surrounding tree mortality. 
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Method Diagram Legend

Surveyed plots by counting number of dead and alive trees surrounding 

sample trees (n= 31 grey, 7 green) at a radial distance of 8 m.

Installed 3 PVC collars around sample tree and measured soil respiration.

Collected litter samples within each collar.  Homogenized samples for 

each sample tree (n-2015= 20 grey, 5 green; n-2016=20 grey, 6 green).

Collected organic layer samples within each collar.  Homogenized 

samples for each sample tree (n-2015= 20 grey, 5 green; 

n-2016= 20 grey, 6 green).

Collected mineral layer samples within each collar.  Homogenized 

samples for each sample tree (n-2015= 31 grey, 7 green; 

n-2016=20 grey, 6 green).
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Table B.2: Changes in litter layer biogeochemical properties as a function of tree stage 
and sampling year. Significant differences are denoted in bold with an asterisk (p-value < 
0.05). 
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Table B.3: Changes in organic layer biogeochemical properties as a function of tree stage 
and sampling year. Significant differences are denoted in bold with an asterisk (p-value < 
0.05). 
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Figure B.2: Averaged soil respiration at each of the three PVC rings below grey phase 
trees compared to the carbon normalized specific ultraviolet absorbance (SUVA) at 
254nm in the mineral layer during 2016. A similar declining trend in soil respiration with 
increasing SUVA was also found below grey phase trees in 2015. 
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