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ABSTRACT

The recent largscale bark beetle infestations have altered the forested landscape
covering much of the Rocky Mountain Wedtith canopy loss and changes in water and nutrient
uptake, watershed hydrology and terrestrial biogeochemical cycling have been significantly
altered.This dissertation contributes to our scientific understanding of these intertwined
processes by addresgipredicted hydrologic changes complimented by analysis of laboratory
and fieldscale water quality parametefssynthesis oturrent literaturestudies regarding bark
beetle infestations and their impact on hydrology and the intertwined biogeocheevstis
treescale changes to sailater chemistry (N, P, DOC and base cation concentrations and
composition) are being observed in association with beetle outbreaks which ultimately could lead
to largerscale responses; however, the different temporaspatial patterns of bark beetle
infestations due to differg beetle and tree species leéadnconsistent infestation impacts.

Climatic variations and larggcale watershed responses provide a further challenge for
predictions due to spatial heterogemsitwithin a single watershed; conflicting reports from
different regions suggest that hydrologic and water quality impacts of the beetle on watersheds
cannot be generalized.

A threedimensionahumerical modeling study used to address the hydrologitaadd
energy changes anticipated throughout the various stages of b#ekrhertality demonstrates
that infested watersheds will experience a decrease in evapotranspiration, an increase in snow
accumulation accompanied by earlier and faster snowmeltssdiated increases in runoff
volume and timing. Impacts are similar to those projected under climate change, yet with a
systematically higher snowpack. These results have implications for water resource management
due to higher tendencies for floodingthe spring and drought in the summer.

Laboratorycolumn studies and field seiater samplethat were usetb determine how
changes in total organic carbon concentrations and composition will influence metal mobility
under bete-impactedrees indicate that a large needle pulse after bark bedtleed tree death
and subsequent decomposition will enhancewater concentrations of Cu, Zn and Al. The
addition of large amounts of Zn from the pine needle leachate could create higheteoil
concentrations along with additional sorption of zinc to the saitim This large input of Zrot



soils could initiate prolonged impacts even after the needles are leached as the sorbed Zn is
released. Field collected sovlater samples consistgnhad concentrations above EPA aquatic

life criteria levels for Al and Zn but not for Cu, which would exacerbate existing water quality
issues in Colorado where streams often exceed ecotoxicity levels for Al, Cu and Zn. The
enhanced mobilization of therde metals from pine needle leachate could also create ecological
toxicity issues for plants as well as inhibit regrowth beneath the dead canopies.

Analysis of temporal fieldvaterquality data sets containing total organic carbon and
disinfection byprodat concentrations at water treatment facilities in healthybank beetle
impacted watersheds demonstrate higher total organic carbon (TOC) concentrations along with
significantly more DBPs at watdéreatment facilities using mountain pine beetle (MitBg¢sted
source waters when contrasted with those using water from control watersheds. In addition to
this differentiation between watersheds, DBP concentrations demonstrated an increase within
MPB watersheds related to the degree of infestation. Dispropate DBP increases and
seasonal decoupling of peak DBP and TOC concentrations further suggests that TOC

composition is being altered in these systems.
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Chapter 1
INTRODUCTORY REMARKS

Climate change is creating stress on environmegtadystems throughout the woadd
in turn, may altemany global cycles. As a result of increased temperatures and drought, stressed
forests are more susceptible to insect attack, and in the past several decades scientists have
witnessed the largest levels of tree mortality ever recordedalinsect infestations (Fige 1.1.
In forests that are reaching close to 100% tree mortality, hydrological and biogeochemical cycles
are being significantly altered. Changes in canopy cover lead to decreased precipitation and
radiation interception eehing the forest floor. Increased needle deposition and decreased

rhizodeposition alter -y ] X/ ’ SN o

terrestrial carbon inputs, ¥ AN
oS

shifting biogeochemical
equilibriums. The purpose of

1°N+

this dissertation is to explore
how the changing hydrology
40.5°N+

and biogeochemical inputs
during a beetle infestation

will impact water quality in
the Rocky Mountain West.
This dissertation is a

culmination of three

“,Pennsylvania
1 Creek

published papers and otieat
is currently submitted and
undergoing peereview.

These four papers form a

Continental Divide

cohesive document and help Bl vrested Areas = [Fiaw
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set the foundation to
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understand the hydrological

Figure 1.1 The level of MPB infestation in 2011 in the Rocky
Mountains of Colorado. Test sits listed are where research was
forested watersheds will conducted (Mikkelson et al. 2013b, NCC).

and biogechemical changes



experience throughout a beetle infestation. The first paper (Chapter 2) is a synthesis paper
published inBiogeochemistry where the recent literature on this topic was critically reviewed

and compiled to document conserved trends and observations along with future research
avenues. It is an excellent preliminary chapter to introduce readers to the overarching questions
assoa@ted with bark beetle infestations and their impact on watershed hydrology and
biogeochemistry.

In addition to this critical synthesishapter two sets the stage for the following chapters
(and cites two of those as recently published pajpgrdiscussg how the observations and
conclusions of both papers address relevant hypotheses and questimlksas setting the stage
for the additional research chapter of my disserta@drapter two concludes by discussing the
various gaps that exist in ourdwmledge on this topic, one of which includes whether or not we
will observe changes to metal mobility throughout beetle infestation, which is addressed in
Chapter four.

Chapter three is a paper published&inhydrology and was one of the first modeling
studies conducted with regards to hydrological changes in a-{eptheted forest. It explores
how the water and energy budgets might be altered throughout various phases of beetle
infestation.Chapterfour is published irEnvironmental Science: Processes and Impacts and
begins to explore how metal mobility might deeeed during a beetle infestation due to
complexation with organic matter or increased metal deposition irmeeasoils Chapteffive is
a paper published iNature Climate Change and was one of the first papers to link a climate
change phenomenon to water quality implications. This paper uses a robust data set from water
treatment facilities inle Rocky Mountains of Colorado and links changes in total organic
carbon and disinfection byproduct concentrations to levels of tree mortality in the forested
watershedsAs a whole this dissertatiomddressequestions and concerns regarding how our
watasheds are going toe altered from &rgescale, climateehange phenomenon thratght
only get worse with time and provides the foundation to predict changes to analogous (albeit
different) watersheds experiencing subsequent insect infestations.



Chapter 2
BARK BEETLE INFESTATION IMPACTS ON NUTRIENT CYCLING, WATER QUALITY
AND INTERDEPENDENT HYDROLOGICAL EFFECTS

A paper published iBiogeochemistry’

Kristin M. Mikkelsorf?, Lindsay A. Bearup®, Reed M. Maxweft*, JohnD. StednicR, John E.

McCray*® and Jonathan O. Sharp
'Reprinted with permission &iogeochemistry (2013) 11541 and all ceauthors

’Department of Civil and Environmental Engineering
Colorado School of Mines
Golden, CO USA
®Hydrological Sciencand Engineering Program
Colorado School of Mines
Golden, CO USA
“*Department of Geology and Geological Engineering
Colorado School of Mines
Golden, CO USA
*Department of Forest and Rangeland Stewardship
Colorado State University
Fort Collins, CO USA
*Both Kristin Mikkelson and Lindsay Bearup were primary authors in the writing of this manuscript.
Mikkelson wrote the abstract, introduction, water quality and nutrient cycling and
summary/synthesis sections. Bearup wrote the coupled hydrologbicgebchemical shifts section.

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

Abstract

Bark beetle populations have drastically increased in magnitude over the last several
decades leading to the largssale tree mortality ever recorded from an insect infestation on
multiple wooded continents. When the trees die, the loss of canopy and changes in water and
nutrient uptake lead to observable changes in hydrology and biogeochemical cycling. This
review ams to synthesize the current research on the effects of the bark beetle epidemic on
nutrient cycling and water quality while integrating recent and relevant hydrological findings,

along with suggesting necessary future research avenues. Studies gagezallhat snow



depth will increase in infested forests, though the magnitude is uncertain. Changes in
evapotranspiration are more variable as decreased transpiration from tree death may be offset by
increased understory evapotranspiration and ground eatapu As a result of such competing
hydrologic processes and the inherent variability of natural watershed characteristics, water
quality changes related to beetle infestation are difficult to predict and may be regionally distinct.
However, treescale banges to soivater chemistry (N, P, DOC and base cation concentrations
and composition) are being observed in association with beetle outbreaks which ultimately could
lead to largesscale responses. The different temporal and spatial patterns of bdek bee
infestations due to different beetle and tree species leads to inconsistent infestation impacts.
Climatic variations and largecale watershed responses provide a further challenge for
predictions due to spatial heterogeneities within a single watkrsbeflicting reports from

different regions suggest that hydrologic and water quality impacts of the beetle on watersheds
cannot be generalized. Research regarding the subsurface water and chemjathfoand

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

best predict watershed or regiosahle changes to seilater, groundwater, and stream water
chemistry.

2.1 Introduction

The current bark beetl®éndroctonous ponderosae) epidemic in western North Aenica
presents challenging wategsource problems. Bark beetle outbreaks are typically endemic and
result in minimal tree mortality in affected watersheds; however, the recent outbreak has affected
an unprecedented number of lodgepole pine t®@as contorta) in the Rocky Mountain West,
with some watersheds reaching 100% tree mort@Raffa et al., 2008and over 5 million
hectares infested in both the western US and British Colufitaddens et al., 20)20utbreaks
are not specific to North America, and analogous increases in the magnitude of infestation have
been observed in both Europe and Asig. Huber et al., 2004Tokuchi et al., 2009 Due to the
current scale of infestations, there has been an increase in research addressing water resource
effects (both quality and quantity) resulting from bark beetle outbreaks.

Prior bark beetle hydrology reviews have focused on water quantity impacts from tree
die-off and draw heavily on past findings relating to forest management and harvesting practices
(Helie et al., 2005Schnorbus et al., 2018dams et al., 2031Pugh and Gordon, 2Q).

However, the different processes affecting water supply have a direct and quantifiable impact on



nutrient cycling and hence, water qualiBricker and Jones, 1999Recent work has developed
conceptual frameworks of the coupled biogeochemical and biogeophysical impacts of the bark
beetle(Pugh and Small, 201 Edburget al., 2012; and model simulations suggest that given the
large variability in beetle outbreak dynamics and heterogeneity in watersheds, a large range of
nutrient responses are possifteburg et al., 20)1We expand upon these frameworks by

critically synthesizing literature relating to the effects of the bark bepitlemics on water

guality, while integrating relevant research on water quantity and hydrology, to better understand
interrelated feedbacks. While bark beetles may infect many varieties of coniferous trees which
may slightly alter the watershed biogeoclh@hresponse, our emphasis on water quality mostly
focuses on the repercussions of beettkiced dieoff of lodgepole pineRinus contorta),

Douglasfir (Psuedotsuga menziesii) and Engelmann spruce tre@écea engelmannii), which

forms most of the recefiterature. It has also been shown that biogeochemical cycling post
beetle infestation, particularly nitrogen cycling, does not significantly differ between host species
(Griffin and Turner, 201p

As the climate changes throughout most forestednsgicharacteristics of bark beetle
infestations are predicted to intensiByres and Lombardero, 200Daleer al., 2001 Williams
andLiebhold, 2002. With warming temperatures, outbreaks are predictelitictgwards higher
latitudes and higher elevatio(i3ale et al., 2001Williams and Liebhold, 2002JSnssore? al.,

2009 and insect biodiversity will generally decred®élliams and Liebhold, 1995-leming,

1996 Coley, 1998. In addition, adaptation to the changing climate has resulted in a second
insect generation per growing season, further intensifying the epideiittion and Ferrenberg,
2012. Until sufficient vegetation regrowth and forest renewal, the deforested zone shifts from a
carbon sink to a carbon source, which may further contribute to climate qlkangest al.,

2008.

Changes in canopy cover, interception and evapotranspiration hay@&dnéal to alter
hydrologic processes including streamflow and soil moisture along with forest biogeochemistry
(Figure 2.1). Larval feeding and the introduction of bdteaning fungus carried by bark beetles
immediately restricts water and nutrient fleavthe tregReid, 196). The needles on an attacked
tree progress in color from green to red withiB Zears after attack; several years later, the tree
appears grey as the needles drop tddrest floor faster than the typical annual litfall (Kim
et al., 200}, thus decreasing canopy cover and interception of precipitation. Along with needle



drop, tree branches and trunks fall to the forest floor and decay leacheséacaenounts of
carbon, phosphorus, and base cations into the soil nfgavitt and Fahey, 19§6otentially
altering the forest biogeoemistry. Tredfall rate is variable with climate, tree diameter, land
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Figure 2.1 A conceptual image depicting the continuously changing hydrologic and biogeochemical
cycles during the various phases of bark beetle infestation. The top portion of the figure contains the
visual representation of the three primary phases of infestation, with the accompanying elements of the
hydrologic cycle. Fluxes are denoted with arrows and storage reservoirs as rectangles with the
associated increase or decrease in the process depicted by the fill departure above or below the N.S.C.
(“no significant change”) line. While differences in changes of each variable have been observed due
to catchment characteristics, climate and infestation characteristics, the filled-in portion displays the
general trend even though magnitude may vary. T = transpiration, E = ground evaporation, I =
interception, SWE = snow water equivalent, 6 = soil moisture, A = ablation and Q = water yield.

The bottom of the figure displays the temporal trends associated with the different phases of
infestation and the expected alterations in biogeochemical cycling. An up arrow indicates
concentrations above baseline, a down arrow indicates concentrations below baseline and a horizontal
dash indicates no significant change (with the size of the arrow indicating magnitude). * indicates this
trend depicts the majority of results published, although occasional studies have not observed this
trend. See Table A1 and A2 for additional clarification.

geomorphic characteristics, forest management practices and tree species and can occur
anywhere from 25 years post infestatigiMitchell and Preisler, 1998All of the inherent
changes in a bark beetle infested forest could ultimately contribute to detrimental and complex



changes to both water quality and quantity that vary both spatially and temporally fromehe ons
of infestation.

While the bark beetle infestations create somewhat different changes in hydrology and
biogeochemistry, a large pool of literature exists on other types of land disturbances that have
similar postdisturbance phenomena. The two most wmm land disturbances compared to bark
beetle infestation are tree harvest and fire. Adams @&l conducted an extensive review on
the ecohydrological similarities and differences between tree mortality associated with canopy
die-off, forest harvesting practices and fire and highlighted below are some of the different
responses that are important to distinguish. One of the main differences is that in high severity
fires and many tree harvesting practices, there is entire loss of theooyeestopy, while in
bark beetle infestations mortality is not necessarily continuous across the entire watershed. In
general, fire is not as similar to bark beetle infestations as tree harvesting, as fire completely
alters ground surface vegetation anill sarface properties. Forest harvesting is similar in many
ways to bark beetle infestations, inasmuch as both disturbances result in diminished canopy and
reduced vegetative nutrient and water uptake; however, forest harvesting also often includes soil
disturbance, soil compaction and road construction and maintenance, all of which contribute to
differences in hydrological and biogeochemical processes. Bedtleed tree mortality also
occurs in phases, with the tree initially losing its ability to tgkevater and nutrients, followed
by needle discoloration and several years later actual needle drop. This slower transitioning
results in less stark changes to forest biogeochemistry, as soil buffering and surviving vegetation
can often compensate loweringtrient export and observed hydrological char{@edfin et al.,

2013. In comparison, forest harvesting occurs on a much shorter timescale with complete
canopy removal associated with immediate tree death. With the above highlighted differences
between bark beetle infestations and otaed disturbances, it becomes apparent that even with
similarities we can draw upon from the extensive pool of literature oibadnbeetle canopy
changing disturbances, it is necessary to review and synthesize the impacts bark beetle
infestations candwve on hydrological and biogeochemical processes.

2.2 Coupled hydrologic and biogeochemical shifts

Observed water quantity impacts from widespread insect outbreaks range frecatece
processes, such as evapotranspiration, soil moisture and snow accumulation and melt, to

watersheescale effects, such as water yield and peak flow rates (Riducelhese perturbations



can have collective effects on water quality and make understanding hydrologic changes an
essential first step to water quality predictions; this is particularly important in regions like
ColoradoOs Front Range, where the majority ofvgtier supply is generated from mountain
snowmelt. While the magnitude may vary, most studies show similar trends-gcaleevater
guantity processes such as soil moisture and snow accumulation with increasifig Tible

2.1). As more processes andelse environmental variables are incorporated at larger scale, the
response of large watersheds is more uncertain and varies between wa{&teuisk ad

Jensen, 20QVeiler et al., 2009Adamset al, 201]). The sections below highlight recent
research on the effects of the beetle infestation on water quantity and further integrate this
understanding to explain how alterations to the water budget can affect water quality.

2.2.1 Snow Accumulation and Ablation

Snow pack accumulation typically increases with reduced interception as trees progress from
green to grey canopy phag@&oon, 2007 Boon, 2009 Teti, 2009 Pugh and Small, 20).1

However, observations also suggest that net accumulation may be minimal due to increases in
ablation (i.e. combined melt, sublimation, and wind oeat) which offset decreases in
interception(Biedermarer al., 2019. The observed magnitude of change in snow water
equivalent (SWE) or accumulation is directly related to the ability of ablation at the ground
surface to offset increased snow inputs from decreased interception. In general, ablation rates
tend to be higher in infested watersh@eéstts, 1984Boon, 2009 Pugh and Small, 20} 1Teti

(2009) found that ablation rate variability could be described by radiation transmittance and
basal area. Initial modeésults from Boon (2007) found a modest reduction in ablation rate;
however, incorporation of a more detailed water balance by Boon (2009) suggests that rates
increase in impacted stands. In addition to the increase in exposure due to solar radiation,
increased neediall on the snow surface decreases snow albedo, in turn leading to increased
snow ablation energfVinkler ez al., 201Q Pudh and Small, 2001 This phenomenon is

particularly important in red and grey phase stands, which receive more shortwave radiation than
green standéBoon, 2009. However, the albedo decrease is only observed during the red phase
when needles are falling and by the time the tree has transitioned to grey phase and most needles
have fallen, the albedo may actually be greater than in undisturbed pine (dfiegier et al.,

2012. The contribution of wind removal to ablatiortesiis insignificant relative to the increase
from enhanced solar radiative flux@ederman et al., 20)2



Table 2.1 Water Quantity Studies

Water Soil Snow | Ablation Comparison
Reference Study Site Tree Species ET Yield | Moisture | Depth | Rate*** Methodology
Hubbard et al | Fraser Lodgepole Pine Trans Field: 17 red, 10 green vs.
2013 CO, USA Pinus contorta * 8 girdled treatment trees
Mikkelson et | Rocky Mtns. Lodgepole Pine Model: Coupled
al 2013c¢ CO, USA Pinus contorta ¥ () A A A hydrology-land surface
runoff model of green, red, grey
and dieback phases

Biederman et | Rocky Mtns., Lodgepole Pine Field: 20 plots - grey, red
al 2012 USA Pinus contorta NS.C. 0 and green phases
Boon 2012 Fraser Lake Lodgepole pine N.S.C, Field: 3 plots - grey phase,

BC, Canada Pinus contorta A green phase and clearcut
Winkler et al | Mayson Lake Lodgepole pine N.S.C Field: 3 plots — lodgepole,
2012 BC, Canada Pinus contorta 0 A ’ mixed, and clearcut stands
Clow et al Grand County Lodgepole, Limber, Ponderosa Pine Field: Red vs Green Trees
2011 CO, USA P. contorta, P. flexilis, P. ponderog - - t - -
Pugh & Small | Colorado River Lodgepole Pine Field: 8 pairs of grey and
2011 Headwaters Pinus contorta - - - 12’ 0, 1 V\?eek green trees (red

CO, USA accumulation ~ green)
Bewley etal | Baker Creek Lodgepole Pine ) Model: Calibrated
2010 & (Alila | BC, Canada Pinuscontorta - - - 12- 1 O-TS% DHSVM of green, red,
et al 2009**) 19% grey & rejuvenating stands
Schnorbus et | Fraser River Lodgepole Pine () Model: Calibrated VIC of
al 2010** Basin Pinus contorta - peak - - - unimpacted, 20%, 100%

BC, Canada flow impacted
Boon 2009 Fraser Lake Lodgepole pine Field: Alive vs Red/Grey

BC, Canada Pinus contorta - - - N 1 4_T7% Stands

Model: Water Budget

Weiler et al Fraser River Lodgepole pine ) Model: comparison of 0%
2009** Basin Pinus contorta - peak - - - and 100% impacts

BC, Canada flow watersheds
Teti 2008, Interior Plateau Lodgepole pine Field: 24 plots - five study
2009** BC, Canada Pinus contorta - B B 0 Y areas of varying impacts




Morehouse et

Sierra Ancha

Ponderosa pine

Field: Infested vs.

al 2008 Range AZ, USA Pinus ponderosa - } - uninfested plots
Beudert etal | Bavarian Forest, highland spruce 61% A Model: DSA (ref. v 80%
2007 Germany Soldanello-Picetum ¥ 159 - impact) & water balance
barbilophoietosum Field: isotopes analysis
Boon 2007 Vanderhoof Lodgepole pine Field: 3 field plots of alive,
BC, Canada Pinus contorta - } v red/grey & cleared trees
Stednick & 8 Watersheds Lodgepole Pine Field: Infested vs.
Jensen 2007 CO, WY USA Pinus contorta - " - uninfested watersheds
Zimmermann | Bavarian Forest, highland spruce Field: Historical Runoff
et al 2000 Germany Soldanello-Picetum ¥ ) ) Data
barbilophoietosum ~30%* Model: Runoff coefficient
& ET
Knight et al Medicine Bow Lodgepole pine Model: Girdled stands
1991 Range Pinus contorta - 9;) 0, - (listed yield represents
WY, USA stand level outflow)
Potts 1984 Jack Creek Lodgepole pine A A Field: 4 year prior vs. 5
MT, USA Pinus contorta - 15% 7.3 week | Year post; single watershed
Bethlahmy Yampa & White Engelmann Spruce Field: Paired watershed
1974, 1975 Rivers Picea engelmannii - 1(?’ 0, ¢¢ of Elk & Plateau Rivers
CO, USA
Love 1955 White River Engelmann Spruce Field: Paired watershed w/
CO, USA Picea engelmannii - O - uninfested Elk River

Percent increase or decrease from the reference temporal or spatial variable is provided, when available, for each parameter. It should be noted
that the method and timing of determination will influence the percent provided.
*This result is the reported change in runoff coefficient. Beudert et al (2007) also performed a double sum analyses (DSA) which resulted in

greater increases for individual components of runoff (direct runoff increased by 62%, slow groundwater runoff by 25% and fast groundwater
runoff by 32%).
**Indicates a study published as a report or other source that is not peer reviewed.
*#* Ablation rates report in weeks represent shifts in the peak snowmelt timing, with increasing arrows indicating earlier peak melt.
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When comparing green and grey stands across different sites, changes in snow
accumulation display inconsistencies in magnitude and may be overshadowed by the spatial
variability in winter weather conditions or possibly increased spatiaility of snowpack
accumulation under beetldglled trees(Teti, 2009. In addition, stand staspatial variability is
important as denser canopy cover may result in increased SWE with tree death, while the
opposite trend is observed in areas with sparser coverage (Bieds=rai#012); however
beetles may more successfully kill trees that atanally in areas of lower density (i.e. not
managed or thinned stands) as a result of having potentially thicker phloem layersdKaliser
2012).

Temporal variability, specifically intesinnual differences in meteorological conditions
and phase of tree death, also affects the response of snow accumulation to trgaudbathd
Small, 2011 Boon, 2012Winkler et al., 201p Studieson the effects of widespread MPB
induced tree mortality on snow accumulation in British Columbia reveal greater differences in
accumulation in years of low SWE, which the authors attribute to decreased interception
(Winkler et al, 2012. This difference in interception also changes as tree death progresses. In
contrast to the increase in snovcamulation observed in grey stands in Colorado, red phase
trees exhibited no significant change in accumulation compared to green trees as most needles
still remain on the trees and canopy transmittance from red phase trees was similar to green
phase tree@Pugh and Small, 20}1

Other mechanistic modeling studies have also been applied to understand field
observationgBewleyet al., 201Q Mikkelsonet al., 2013¢. Model simulations are useful to
differentiate between bark beetle impacts and inherent annual @l spriability in snow
deposition and melt. Bewley et al. (2010) found that discrepancies between field and modeled
snow observations could be attributed to the model sensitivity in averageddaahdex values,
which were inversely related to netaoradiation and directly related to net lewgve
radiation. Net radiation was found to be the dominant source of snowmelt energy in modeled red,
grey and green stands; whereas in etedrand regenerating stands there were larger
contributions from chages in sensible heat flux attributed to increased wind speed. It is
reasonable that this latter mechanism may also be a more dominant factor imbestte
forests after tree fall, although fallen trees still reduce wind velocity at the groundrevel.
addition, Pugh and Gorddq2012 found grey lodgepole pine stands transmitted 11 to 13% more
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sunlight to the forest floor than green stands. Red phesg é¢xhibited moderate-§26)
increases, which may not result in measurable increases in snow accumulation or melt, as
observed in an earlier study (Pugh and Small 2011). Mikkelson et al.cjZ0L8d that
increased radiation, and thus increased snowanelisublimation, can offset the increases in
snow accumulation due to decreased canopy interception until the air and ground temperatures
are below freezing and the enhanced melting trend gives way to the permanent winter snowpack.
As a result, changes the land energy budget may account for early differences in snow water
equivalent across sites.

A larger body of literature investigates the interrelationship between vegetation and snow
processes, independent of insect infestgi@eifaner al., 2004 Woodset al., 2006 Jostet al.,
2007 Musselmarer al., 2008 Molotch ez al., 2009. These studies report 15 to 47%ater
snow accumulation and Z31% faster ablation rates in open as compared to forested areas.
Changes in snow accumulation and melt are predominantly attributed to differences in forest
cover, elevation, and aspect. Precipitation variability also earritsfluence; the increase in
accumulation in open spaces was 12% greater in a mild winter than in a winter with above
average snowfall (Jost et al. 2007). While percent forest cover accounts for a significant portion
of the variability in snow accumulat, the spatial structure of canopy removal will also result in
different degrees of change in snow accumulation. When canopy cover was removeai&n 0.2
ha groups, no change in snow accumulation was observed, likely due to increased ablation from
solar ediation and wind. Conversely, when the same percent of canopy was removed, but evenly
distributed over the domain, snow accumulation significantly incre@geddsetal., 200§. In
forests impacted by the mountain pine beetle, tree death is characterized by more distributed
canopy removal than clustered cleatting, particularly in the earlier stages of infestation when
tree death is less uniform. The findings of Woods €R806) suggest that earlier and dispersed
MPB-induced tree death will result in significant increases in snow accumulation. In contrast,
more widespread tree death, potentially related to later stages of infestation or lartferovimd
areas, may not rekun significant increases. Overall, hydrologic impacts are difficult to
generalize; the stage of eudf, as well as spatial and climatic variability, must be taken into
account when predicting future snow accumulation scenarios within bark beetlednfest

watersheds.
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Changes in snow accumulation, ablation, and possible alterations to snowmelt timing and
water availability may also have implications for biogeochemical cycling in snow dominated
high-altitude watersheds. For example, snowmelt timing and growing seasons influence
ecosystem nitrogen exports. Increased nitrogen deposition over the last several decades suggests
nitrogen saturation in the high elevation alpine regions of the Rocky Mountain Front Range (eg.
Baron et al., 1994), resulting in increased N export from these ecosystems. Much of the increase
in streamwater nitrogen concentrations is observed during snowmelt and is temporally
disconnected from the peak-growing season of the subalpine forests, where nitrogen is still
limiting. Earlier snow melt caused by MPB-induced changes in snow dynamics may further
disconnect this high nitrogen flux from nitrogen limited vegetation. In addition, active microbial
biomass formation limits nitrate exports from alpine watersheds during snowmelt for
consistently snow-covered sites; however, inconsistent snowpack does not result in the same
protection for biomass formation. The limited buffering capacity in inconsistent or shallow
snowpack may result in greater inorganic nitrogen exports during snowmelt (Brooks et al.,
1998). As a result, spatial and temporal changes in snowpack resulting from widespread land
cover change may significantly alter the biogeochemical cycle of nitrogen.

2.2.2 Soil Moisture and Evapotranspiration

Soil moisture and evapotranspiration (ET) are two interlinked processes that appear to be
altered following bark beetle outbreaks. After snowmelt, models universally found decreases in
ET following insect induced tree-mortality, as transpiration ceases soon after initial outbreak
(Zimmermann et al., 2000; Beudert, 2007; Hubbard et al., 2013; Mikkelson et al., 2013c).
However, after tree death, increased radiation exposure and moisture in the upper soil horizons
can increase ground evaporation, and prolonged soil moisture during the growing season may
increase transpiration as vegetation recovers. Restoration of transpiration in regenerating forests
is a function of 1) the regrowth of the canopy cover, represented in many models as the leaf area
index and 2) the development of roots able to reach deeper soil horizons, particularly in dry
environments. Therefore, the ability of regrowth to mitigate the reduced transpiration from pine
mortality is directly related to the rooting depth and depth to soil saturation; it is less likely to
offset transpiration losses on steep slopes, with deeper, less accessible, shallow groundwater and
lower density plant growth (Mikkelson et al., 2013c¢). Evaporative moisture loss, as reflected by

latent heat, is also a function of wind speed which has been linked to observations of increased
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evaporation in cleacut harvested areas; this increased flux partially offsets soil moisture
increases from reduced transpirat(Wvoodset al, 2009. Increased wind speed may also be
expected in MPB forests in the dieback phases, although fallen trees may reduce the effect and
result in smaller increases in evaporation than obskrvclearcut areas.

As a result of net interception and transpiration decreases, soil moisture increases are
observed in bark beetle infested watersheds in field studies and are theoretically expected based
on modeling studies. While Morehouse ef(2008 observed greater soil moisture from spring
throudh fall in infested plots, only the summer increases were statistically significdn0§.

Clow et al. (2011) found significantly higher soil moistureqg) under red and grey phase

trees when compared with green trees in an October field investigategrated hydrologic

and landcover modeling results from Mikkelson et al. (26)1Boint to three interrelated controls

on soil moisture: watershed slope, plant cover, and degree of soil moisture stress. They found
that the effect of beetle infestation soil moisture was more pronounced during periods of

moisture stress when green phase trees continue to transpire, but the drier soil surface layer limits
ground evaporation. Soil moisture effects are less distinct on steeper slopes because soils receive
less moisture due to increased runoff, and are generally better drained. Similar to the previous
hydrologic variables, spatial and temporal heterogeneity in infestation or land and soil
characteristics must be considered when evaluating the impactsrnwssiilre and ET,

particularly at the watershed scale. For example, the loss of transpiration in an attacked tree is
rapid and likely results in an increase in soil moisture observed over the first growing season
after attack and reaching a maximum dutimg second growing season (Hubbat@l.2013).

As the infestation progresses in time and space, however, trees are not uniformly killed resulting
in a range of transpiration and soil moisture changes at the watershed scale that will mute the
expected inease in water yield. While the spatial distribution of attacked trees will affect the
surrounding soil moisture, landscape characteristics and soil moisture also influences what trees
are more susceptible to atta@aiser et al., 2012 For some landscape characteristics, the
feedbacks between soil moisture and tree susceptibility are compounding. In general, trees under
water stress are more pto MPB attackKaiseret al, 2012 and the resulting effect on soil

moisture is more pronouncéllikkelson et al., 2013c In contrast, trees on steep slopes are also
more susceptible to attack; however the effects of the attack are less distinct, as runoff is more

prominent. Increase in soil moistues well as nutrient availability, will also facilitate



compensatory growth from remaining and new vegetation (Huldbad2013). This increased
water and nutrient uptake further complicates the expected watershed scale response.
Increases in soil maigre and radiation are often linked with increased rates of soil
organic matter decomposition in forest s¢dg. Wickland and Neff, 2008 Carbon inputs from
decomposition are important for the microbial assimilation of nitrogen. In-cigdorests,
research suggests that carbon limitations on assimilation, rather than faster litter decomposition,
is responsibledr increased nitrogen availabili(iPrescott, 2002 further adding to nitrogen
increases from decreased plant uptake. In unmanagediMPated forests, carbon limitations
are less significant, and increased decontjposiates may therefore be an important factor
causing increased nitrogen fluxes, in addition to increased organic matter degradation.
2.2.3 Water Yield and Peak Flows
Bark beetle induced tree mortality has the potential to impact watessherrundf
properties due to changes in snow accumulation and melt, evapotranspiration and interception.
The severity of the impact on streamflow response is related to the factors above, as well as to
the magnitude, type and intensity of precipitation. StednidkJanserf2007) propose that
watersheds receiving less than 20 inches of precipitation annually are not able to overcome
increases in evaporah and will not see a streamflow response to dieback. In watersheds
dominated by rain, not snow, peak flow increases should only occur when decreases in
interception and transpiration are not mitigated by increases in evaporation from increased
exposureAs a result, increased throughfall is a significant factor for sstatin events wherein
interception is a larger component of the water balance. Thus, idoaimated watersheds,
peak flow observations may not reflect observed changes in annual iea&d€Alila et al.,
2009. In snowmekdominated watersheds, however, models used to upscale observed changes
in snow accumulation and melt rates produced increased peak flow associated with larger storm
eventg(Alila et al, 2009.
Other watershed properties, such as size, also influence changes in peak flow rates. At the
standscale, model results show that soil water outflow may increase by 92%oone plots
(Knight et al., 1991 Understanding runoff generation at thatershed scale is more
challenging. Weiler et al (2009) modeled watersheds in the Fraser Basin (British Columbia) at
different scales assuming death of all pine trees and found that moderate increases in peak flow
were more likely in larger, aggregate esheds, while smaller order watersheds could
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experience either small (<23%) or large (>88%) increases in peak flows. The results suggest that
simulating a variety of watershed properties at larger scales will result in muted responses in
peak flow or desynchronized flows. Specifically, peak flows from larger watersheds combine
flows from multiple sub-catchments, each with different aspects, forested extents, impacted
areas, and degree of regeneration.

Evaporation rates and the percent of pine-covered forest have been shown to influence
the change in peak flow rates in bark beetle infested watersheds. During a 1940s bark beetle
outbreak further described below, Bethlahmy (1975) observed that streamflow increased more in
low radiative energy watersheds, such as the north-facing Yampa River (Colorado, USA), than in
high radiative energy watersheds, where net radiation and evaporative losses were greater. As
expected, bark beetle infestation has a greater influence on peak flows in watersheds that receive
most of their runoff from pine-dominated areas (Stednick and Jensen, 2007; Weiler et al., 2009;
Schnorbus et al., 2010) and are thus more sensitive to MPB infestation. Within the pine-
dominated area, considerable forest regeneration and understory vegetation may prevent
observable increases in water yield (Stednick, 1996), likely due to transpiration that is restored in
regrowth or facilitated by increased water availability in understory vegetation. It is also possible
that a minimum percentage of the watershed must be infested before water yield is detectably
altered. Zimmermann, et al. (2000) propose a threshold of 25% deforestation prior to observing a
runoff response. Stednick (1996) proposed a comparable minimum canopy reduction of 20%. If
the MPB-affected area does not exceed the minimum threshold it is likely that the remaining
vegetation is capable of transpiring enough of the excess soil moisture that increased flow are not
detectable. In addition, if the threshold is not met in a snow-dominated watershed and the canopy
is essentially thinned but interception is still occurring, SWE may actually decrease due to
increased ablation and increases in peak flow are therefore improbable. Although peak flow
responses may only occur if a minimum area is deforested, the streamflow response may not be
immediate upon reaching that threshold. Streamflow observations from a bark beetle outbreak in
the 1940s in the Rocky Mountains (Bethlahmy, 1974; Bethlahmy, 1975) demonstrated a delay in
watershed response with little change in annual water yield in the first five years as the
infestation escalated to epidemic levels. Interestingly, the maximum increase in water yield was

observed 15 years later, and increases were still detected 25 years after the peak of the infestation
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(Bethlahmy, 1974). The prolonged response in water yield is indicative of multiple flow paths
and a range of residence times causing a continued signal for years following outbreak.

Watershed peak flow response may also be indicative of changes in flow path
partitioning. We are aware of one study that has looked specifically at changes in flow paths
from bark beetle infestation using historical data, isotope tracers, and simplified hydrologic
models. Significant differences from isotopic partitioning into direct and indirect runoff during
flood events were not found between paired catchments of different degrees of infestation
(Beudert, 2007). However, double mass analysis, comparing precipitation with components of
the hydrologic cycle in infested and non-infested watersheds, highlighted increases in surface
runoff and fast and slow groundwater runoff. This analysis suggests important changes in flow
path partitioning in each watershed as infestation progressed.

The mechanisms responsible for competing watershed responses that influence peak flow
rates are still unclear. Additional studies on the long-term alterations in water partitioning of
infested watersheds are therefore needed to fully understand the water-quantity and hydrologic
cycle impacts associated with beetle outbreak. Furthermore, perturbations in flow paths and
timing in infested watersheds may impact nutrient transport and related biogeochemical
processes with impacts on nutrient availability for reforestation and downstream water quality.
For example, Beudert et al. (2007) and Zimmerman et al. (2000) both observed higher nitrate
concentrations in waters sourced from deeper soil water than from shallow soil water, suggesting
hydrologic shifts toward this water fraction may result in higher nutrient fluxes.

2.3 Water quality and nutrient cycling

As suggested above, soil-vegetation disturbances from insect-induced tree-mortality may
influence nutrient cycling and ultimately water quality by perturbing existing biogeochemical
cycles. Specifically, hydrologic changes within the infested watershed may cause increased
particulate transport, increased organic carbon fluxes from enhanced organic matter
decomposition, and alterations in nitrogen cycling, which can potentially cause changes in soil
pH and increased mobilization of metals with toxicological implications (Figure 2.1). The
available literature on biogeochemical outcomes and water quality perturbations resulting from a
bark beetle outbreak (Table 2.2) is sparser than literature on water quantity; nonetheless,
synthesis and interpretation of emerging literature suggests potential impacts. Biogeochemical

changes in these systems are not yet well understood mechanistically or observationally, and

17



evidence exists for intertwined and competing processes. In the sections below, we discuss
potential implications of the beetle infestation on biogeochemistry and water quality with a focus
on nutrients and metals.

2.3.1 Nitrogen

High tree mortality rates due to a bark beetle infestation can alter nitrogen cycling. As
trees die, uptake of nitrogen (N) ceases, which can lead to excess nitrogen pools in underlying
soils until vegetation regrowth compensates. Increased litter from tree mortality (Griffin et al.,
2011) can also lead to increased inorganic nitrogen pools (Cullings et al., 2003). Transformation
processes such as nitrification/denitrification and mineralization could be enhanced due to an
abrupt increase in carbon sources, increased soil moisture, and increased microbial activity from
higher energy fluxes to the ground; however, confounding factors such as catchment nitrogen
deposition, surviving vegetation and climate can lead to differing responses post beetle
infestation.

Typically, it has been found that nitrogen saturated watersheds in Europe and Southeast
Asia exhibited a much larger nitrate response (in both soil and surface waters) than more
nitrogen-limited watersheds such as the arid Rocky Mountain West in North America after a
bark beetle attack. Three studies (Zimmermann et al., 2000; Huber et al., 2004; Huber, 2005)
looked at tree-scale nitrogen cycling post beetle infestation in a German spruce forest and saw a
large soil nitrate response. Increases in nitrate concentrations were found in soil water at 50-
100cm depths for four years after initial die-off with maximum concentrations observed in years
one and two after initial die-off (Zimmermann et al., 2000). However, shallower soil layers
showed only slight increases in NOs concentrations following die-off, possibly due to increased
denitrification in the upper soil layers where there is typically a higher organic content in the soil
and increased soil moisture.

In contrast, Huber et al. (2004) saw a more delayed nitrate response in seepage water
samples that occurred approximately 4 years after die-off (which corresponds roughly with the
grey phase). Seepage water NO; concentrations were elevated for 7 years after outbreak and
showed a clear seasonal trend with highest concentrations in autumn at the end of the vegetation
growing period and lowest values after spring runoff. Surviving vegetation and vegetation
regrowth are common themes when determining the biogeochemical response; they can be

compensatory mechanisms that explain why a large nitrate response is not often seen post beetle

18



Table 2.2 Water Quantity Studies

Reference Study Site Tree Species Nutrient Increase or Age of Infested Sampled Medium
studied Decrease Stand or Tree
Mikkelson et | Rocky Mtns. Lodgepole Pine Varying ages Streamwater
al 2013a CO, USA Pinus contorta DOC t
Kana et al Bohemian Forest, Norway Spruce 2-4 years Top 10 cm of litter
2012 Czech Republic Picea Abies DOC ) and organierich
mineral horizon
Clow et al Grand County Lodgepole, Limber, Varying ages Streamwater
2011 CO, USA Ponderosa Pine DOC N.S.C.
P. contorta, P. flexilis, P. ponderosa
Xiong et al Niwot Ridg Lodgepole and Limber Pine DOC 2-5 years Top 5¢cm of
2011 CO, USA Pinus contorta, Pinus flexilis mineral soil
Huber et al Bavarian Forest, highland spruce 1-2 years and-# Throughfall and
2004 Germany Soldanello-Picetum DOC years humus efflux
barbilophoietosum
Kana et al Bohemian Forest, Norway Spruce lubl 2-4 years Top 10 cm of litter
2012 Czech Republic Picea Abies Solu e ) and organierich
reactive P - .
mineral horizon
Clow et al Grand County Lodgepole, Limber, Varying ages Streamwater
2011 CO, USA Ponderosa Pine Total P, PQ Y
P. contorta, P. flexilis, P. ponderosa
Rhoades et all Rocky Mtns. Lodgepole Pine Varying ages Streamwater
2013 CO, USA Pinus contorta NO; N.S.C.
Griffin et al Yellowstone Douglasfir 4-5 years Top 15¢cm of soil
2012 WY, USA Pseugotsuga menziesii NHq, NOs A Y P
Griffin et al Yellowstone Douglasfir 4-5 years Gray stage needle
2012 WY, USA Pseudotsuga menziesii N O litter
Kana et al Bohemian Forest, Norway Spruce NH,, 2-4 years Top 10 cm of litter
2012 Czech Republic Picea Abies organic A and organierich
boundN mineral horizon
Clow et al Grand County Lodgepole, Limber, Total N Varying ages Streamwater
2011 CO, USA Ponderosa Pine NO; ' M, NS.C.

P. contorta, P. flexilis, P. ponderosa
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Clow et al Grand County Lodgepole, Limber, 1-3 years and 15 cm soil
2011 CO, USA Ponderosa Pine NH,, NO; rA >3years
P. contorta, P. flexilis, P. ponderosa
Griffin et al Yellowstone Lodgepole Pine 1-4 years, 30 years Fresh needle litter
2011 WY, USA Pinus contorta N r A
Griffin et al Yellowstone Lodgepole Pine 1-4 years 15 cm soil
2011 WY, USA Pinus contorta NH,4, NO; N, NS.C
Morehouse et | Sierra Ancha Ponderosa Pine 1-3 years Needles and
al 2008 Experimental Forest, Pinus ponderosa N, NH, (lab) N A mineral soil
AZ, USA
Huber 2005 Bavarian Forest, highland spruce 1-5 years Seepage water
Germany Soldanello-Picetum NO; tH
barbilophoietosum
Huber et al Bavarian Forest, highland spruce 1-7 years Humus efflux and
2004 Germany Soldanello-Picetum NHy4, NOs rA mineral soil
barbilophoietosum
Tokuchi etal | Kiryu experimental Japanese Red Pine NO A Varying ages Stream water.
2004 basin, Japan Pinus densiflora } ’ groundwater
Tokuchi etal | Kiryu experimental Japanese Red Pine NHL. NO A Varying ages Mineral soil
2004 basin, Japan Pinus densiflora N ’
Zimmerman Bavarian Forest, highland spruce 1-4 years Deep soil water,
et al 2000 Germany Soldanello-Picetum NO; MNAA groundwater and
barbilophoietosum stream water
Knight et al Medicine Bow Mtns. Lodgepole Pine Total N, NS.C Simulated bark beetle Soil water
1991 WY, USA Pinus contorta NHy4, NO; T attack

*N.S.C. = No significant change. The “Increase or Decrease” column is post bark beetle infestation. “Age of infested stand or tree” is the number

of years since the tree has been attacked by bark-beetles. (lab) implies increased nutrient concentration due to laboratory incubation.
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infestation but is more frequently seen after large disturbances such as timber harvesting without
streamside buffers, wind-thrown forests or wildfire (Griffin et al., 2013; Rhoades et al., 2013).

Along with compensatory nitrogen uptake by surviving vegetation, the differences in
atmospheric N deposition and tree mortality spread over multiple years may be factors
contributing to varied surface and groundwater nitrate-nitrogen responses post beetle infestation
(Rhoades et al., 2013). Tokuchi et al. (2004) investigated a Japanese catchment that had recently
experienced pine wilt disease and was the only study besides Zimmerman et al. (2000) to find
increased NOjs concentrations in stream water. Both studies saw increased groundwater nitrate
concentrations as well; however, in the German forest groundwater nitrate concentrations (5-10m
depth) lagged 2 years behind streamwater nitrate concentrations, while in the Japanese forest
increases in groundwater nitrate concentrations preceded increases in streamwater nitrate
concentrations by 2 years. These findings suggest that groundwater may play a large role in the
long-term transport of NOs3, however temporal trends are variable within catchments.

Unlike the Japanese (Tokuchi et al. 2004) and German studies (Zimmerman et al. 2000),
two studies in Colorado (Clow et al., 2011; Rhoades et al., 2013) did not find increased NO3
concentrations in stream water in response to the MPB infestation even though one study (Clow
et al., 2011) observed larger NOs concentrations in soil (15cm depth) under red and grey phase
trees which would suggest the potential for elevated groundwater and stream water
concentrations as the infestation progresses through the dieback phases. Clow et al. (2011) did
find that the fourteen streams sampled during the 2007 runoff season in Grand County, CO,
exhibited NOj; concentrations that were strongly correlated with the snowmelt hydrograph,
typical of mountainous watersheds. While they did not detect increases in NOj at the three study
sites analyzed for temporal trends, total streamwater N did increase over the study period (2001-
2009), which encompassed the year when most trees were initially infected and was attributed to
excess litter breakdown or warming temperatures. They also found that percent forest cover
(which included both dead and alive trees) in the basin was the strongest predictor of stream
water NOs. Denitrification in groundwater is also feasible, and could mitigate increases in
nitrogen transport in stream baseflow.

Tree-scale soil-water ammonium concentrations exhibit a more pronounced, universal
increasing trend after bark beetle infestation regardless of other compensatory factors present

with nitrate response. This implies that reduced vegetation uptake of NH4 and increased
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inorganic N pools due to leaf litter are the primary release mechanisms associated with beetle-
impacted catchments. Griffin et al. (2011, 2012, 2013), Morehouse et al. (2008), Xiong et al.
(2011) and Kana et al. (2012) all investigated soil nitrogen pools after insect outbreak. The
studies by Griffin et al. (2011, 2012, 2013), Xiong et al. (2011) and Morehouse et al. (2008)
were all in the United States (in Yellowstone National Park, the Colorado Front Range and
Arizona, respectively), while the study by Kaia et al. (2012) was located in the Czech Republic.
Four of these studies (Morehouse et al., 2008; Griffin et al., 2011; Griffin and Turner, 2012;
Kana et al., 2012) found elevated N concentrations in needle litter, likely due to lack of N
retranslocation associated with tree mortality. Unlike Huber (2005), only soil NH4, not NO;, was
shown to significantly increase during the outbreak (Morehouse et al., 2008; Griffin et al., 2011;
Xiong et al., 2011; Kana et al., 2012; Griffin et al., 2013) despite observed increases in net
mineralization and net nitrification (Griffin et al., 2011). Morehouse (2008) also found higher
soil NH4 and higher laboratory net nitrification rates from infected stand soils. Thirty years post
outbreak, N concentrations in needle litter still remained elevated; however, soil N fluxes and
pools (NO; and NH4) were not significantly different than in undisturbed stands (Griffin et al.,
2011).

As results from beetle infested forests in Europe and beetle infested forests in western
North America appear different, it is probable that because coniferous forests of western North
America receive much less atmospheric N deposition than forests in Europe and eastern North
America they have a smaller NOs response following disturbance. Additionally, the climate in
western North America is more arid than in Germany and Japan, where streamwater N
concentrations were elevated in infested forests. It has been shown that locations with greater
annual precipitation are more sensitive to harvesting practices and exhibit a larger hydrologic
response and thus, possibly a larger nutrient response (Stednick, 1996). This difference between
watersheds in humid and arid regions is consistent with the finding that stream water N
differences between developed and undeveloped watersheds were smaller in arid regions (Clark
et al., 2000; Adams et al., 2011).

The magnitude of observed changes in nitrogen cycling associated with bark beetle
outbreaks varies among literature studies. Bark beetle outbreaks will likely cause increased NHy4
in the soil beneath dead trees due to increased mineralization of elevated organic nitrogen inputs

from leaf litter, and reduced NH4 uptake by trees. Nitrate has also been found to increase in soil
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beneath bark beetle killed trees; however, it appears more likely under trees located in forests
that receive higher atmospheric nitrogen deposition and in deeper soil horizons. Whether or not
increased NO3 or NH,4 concentrations reach the stream water remains uncertain. Depending on
the hydrologic flow-paths of the catchment, surviving understory vegetation and vegetation
regrowth, atmospheric N inputs, N pools and sinks, and potential denitrification in underlying
deeper soils and aquifers, it is possible that bark beetle outbreaks will not affect N concentrations
in surface waters, although the mechanisms controlling timing of N transport (i.e. hydrologic
flow paths) need further elucidation.
2.3.2 Phosphorus

Phosphorus (P) flux, either in the form of dissolved phosphate or particulate P, has the
potential to be altered after a bark beetle attack because phosphate is readily released from
decaying organic matter. Many studies have researched phosphorus changes after forest clear-
cutting (eg. Piirainen et al., 2004; Pike et al., 2010) and found increased inorganic phosphorus
loading in soils beneath cut forests. The only published study to investigate phosphorus loading
in soils after bark beetle attack (Kana et al., 2012) found only slight increases in total P
concentrations despite large increases in the P input via litterfall in a Czech Republic spruce
forest. However, the soluble reactive fraction of the total P increased by over 5 times the original
concentration which has implications for enhanced P transport to nearby lakes and streams.

Complementing these findings in soils, two Colorado studies investigated stream water P
concentrations post beetle attack. Clow et al. (2011) found that while total P in stream water
increased in conjunction with beetle attack, the dissolved phosphate fraction decreased. The
drought conditions during the early record period may explain the decrease in dissolved
phosphate observed by Clow et al. (2011). Stednick et al. (2010) found that both dissolved and
particulate phosphorus increased in beetle-killed areas. Increases in particulate P could be
indicative of 1) the conversion of dissolved nutrients to particulate form by benthic algae due to
warming temperatures and increased productivity or 2) an increase in particulate fluxes to
surface waters due to increased erosion. It would be insightful to determine if major water
quality concerns arise from increases in particulate P loading following outbreaks due to
enhanced erosion and litter decomposition or increased sub-surface transport of dissolved P from
changing hydrologic pathways or the altered composition. Distinguishing this trend may be

challenging as many mountain watersheds have experienced significant population growth



during the MPB infestations and increased development may also result in higher dissolved and
particulate phosphorus loading to stredfasza et al., 2030
2.3.3 Dissolved Organic Carbon

Dissolved orgaie carbon (DOC) is ubiquitous in surface and groundwaters and
originates from both allochthonous and autochthonous sources. Typically, spring runoff in
mountainous watersheds flushes accumulated dissolved organic matter into surface waters
(Boyer et al., 1991 In general, soiDOC originates from litter leachates, root exudates and
microbial degradatio(Zsolnay, 199% Bark beetle infestations have the potential to influence
DOC concentrations as decreases in canopy cover can increase runoff rates, and excess needle
loss onto the forest floor, compounded by increased soil moisture ameisoil temperatures,
leads to increased decomposition and soil organic matter leaching. However, the increase in
DOC to the soil matrix may be delayed due to the termination of rhizodeposition and
mycorrhizal turnover in dead tregsz(chemical cyclig associated with roots and related fungi),
which are major contributors to DOC in soil wafe8gberg and Hsgberg, 200&odbold et al.,

2006.

Studies of DOC in soils associated with infected trees suggest competing processes
between litter decay and root exudaté®mng et al.(2011), analyzed soil DOC in the top 5 cm of
mineral soil below the organic horizon of living and attacked trees thatdtaet dropped their
needles. They observed lower DOC below dead trees than live trees, which is consistent with the
termination of rhizodeposition and mycorrhizal turnover. However,-teng analysis of soll
DOC was not reported at this site to deteenfrDOC concentrations eventually rebound as
litter decay increases. In a complimentary study, Kana et al. (2012) found increased soil DOC
concentrations in both the litter layer and the orgaiait mineral horizon 3 years after beetle
attack. They hypoiesized that increased mineralization due to the increased litter input to the
forest floor resulted in an increase in DOC concentrations. It appears that increasing DOC
concentrations, at least in the solil, lag behind the initial beetle attack by s@asatiue to: (1)
the immediate cessation of root processes (2) the time delay until the needles drop to the forest
floor and continue the decomposition process.

Huber et al. (2004) compared DOC fluxes in bekilled stands versus healthy stands;
however their studies were limited to throughfall and the humus layer and did not extend into
the soil mineral horizons. These authors found that DOC concentrations in throughfall were
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highest in recently killed stands-Rlyears after attack); however, theingmarison was limited

to adjacent stands of varying ages since attack, rather than temporally sampling a particular stand
through the dieff phases. Higher DOC concentrations were also found in the humus efflux of
recently attacked stands-{lyears afteattack) relative to healthy stands, with concentrations

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

Similar to observations for nitrate, Colorado increases in stream water DOC in response
to the bark beetle outbreak were not seen in the study by Clow et al. @04&&)er, typical
seasonal fluctuations were observed. Classic watershed characteristics such as percent forest
cover, precipitation and basin area were more highly correlated to DOC concentrations than
percent of forest killed by bark beetles. On the ofiaed, in a complementary study, Mikkelson
et al. (2018) found approximately four times the amount of total organic carbon (TOC) entering
Colorado water treatment facilities that receive their source water fromiMe&ed watersheds
as compared to contrvatersheds. However, although the TOC concentrations were shown to
increase in conjunction with the level of bark beetle infestation at impacted facilities, this
increase was not statistically significant. In light of the varied findings on surfaceD@gr
concentrations we need a better understanding ofsuetrce and subsurface reactive transport
mechanisms for DOC, along with the dominant hydrologic flow paths.

The ultimate impact of beetle outbreaks on DOC concentrations in adjacent watdrs is stil
unclear. However, if DOC concentrations increase or change in chemical compasition (
increased aromaticity), a watgeatment concern is the increased potential for the formation of
disinfection byproducts (DBPs), which are regulated in drinkingmeatd considered harmful to
human health. DBPs are formed when DOC reacts with chlorine during water treatment. Humic
like substances typically found in dissolved organic matter have been found to be common DBP
precursorsi(e. likely to form toxic DBPs #er chlorination)(Nikolaou and Lekkas, 200and
therefore, even without increases in DOC there may be increases in DBP concentration as the
DOC composition becomes more humic in nature. BeggSamimergBeggs and Summers,

2011 characterized litter DOC from varying stages of attacked lodgepole pine trees and
guantified DOC reactivity with chlorine. They found that frestetileachates from beetkdled

trees exhibited concentrations within typical coniferous litter ranges and had low proportions of
aromatic humic dissolved organic material (DOM) relative to the polyphenolics/phétein
contribution. However, after twmonths of biodegradation the litter leachate lost 80% of its



DOC while experiencing an 85% increase in SUVA (specific ultraviolet absorption; indicative of
the aromaticity of the material); all samples also increased their specific humic peak intensities.
The findings of this study suggest that as the needles drop to the forest floor following attack,
and the more time they are exposed to weathering and biodegradation, the higher the DBP
formation potential.

These mechanistic findings where pine litter leie becomes more aromatic and humic
as it degrades were supported observationally in a variety of catchments by Mikkelson et al
(2013h. Water treatment facilities receiving their source waters from {fitigacted catchments
had significantly higher levels of DBPs, such as trihalomethartgis!§) and haloacetic acids
(HAAS) after their TOGrich waters reacted with chlorine. From 262211, THM
concentrations in impacted water treatment facilities exhibited a significant increasing trend that
was correlated with time since bark beetle outhr@aklitionally, THM concentrations peaked
in the late summer and early fall, despite TOC concentrations peaking during spring runoff. This
seasonal decoupling of THMs and TOC along with a more pronounced temporal increase in
THM formation than TOC conceration suggests that a higher aromatic and humic fraction, and
hence alterations in TOC structure, are occurring as a result of infestation.

In summary, litter decomposition under beeiteacked trees can increase DOC
concentration and aromaticity in sace and soil leachates. However, increases may be delayed
or sequestered in deeper soil layers due to the termination of root exudatesgdegdrahent
microbial processes and abiotic sorption. It is not yet clear whether surface water DOC will
universaly increase due to bark beetle infestations or whether the characteristics of DOC will be
altered. Clow et al. (2011) did not observe increases in DOC, which could be due to delayed
release of DOC, or the catchment could have other characteristics nutitegtirelease.

Conversely, thstudy by Mikkelson et al. (201Bsaw a small increase in TOC concentrations

after bark beetle infestation and more compelling evidence for changes in its refractory nature.
One potential explanation is that Mikkelson et(20139 considered multiple watersheds and
included both surface and groundwaters, while Clow et al. (2011) only sampled surface waters in
one watershed. It is possible that groundwater transport is important for understanding the link
between bark beetteutbreaks and DOC transport. Interesting opportunities for future work

include determining if the primary transport pathway of bark beetle induced DOC release is via
leaching through the soil layers into the groundwater or increased runoff transporasatyitér
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organic carbon to surface waters. It is also imperative to further understand how the
characteristics of the DOC are changing and how it is expressed both temporally and spatially.
This shift has higher DBP formation potential, human health ndknaater treatment

ramifications in beetlkenfested watersheds.

2.3.4 Metals and Base Cations

Bark beetle infestations may alter cation and aluminum fluxes as increased nitrification
reduces the soil pH and leads to the exchange and loss of base(€#ior" and Md*) and
aluminum from the soilHuber et al., 2004Tokuchi et al., 2004 Aluminum concentrations in
seepage water have been shown to increase post attack and correlate;weibimd¢@trations
(Zimmermann et al., 200®uber et al., 2004Tokuchi et al., 200¢as the negatively charged
NOs colloid attracts the positively charged aluminum ions. Mineral(bhiber et al., 2004and
surface water concentratiofBokuchi et al., 200of base cations have also been shown to
increase for up to 7 years post attack. It seems likely that if there is an increadtck [der
bark beetle infestation it will lead to base catiwraluminum leaching, as determined by the soil
geochemistry and initial metal content within the soil.

While Kana et al. (2012) did not measure -saiter concentrations, they did find
elevated base cation concentrations in the soil below attackedhtee€zech Republic forest.

K* concentrations responded immediately, indicative of the rapid releasdrofikdecaying

spruce residues or lack of Kiptake from vegetation, followed by a slower increase fii.Jhe

drastic increase in base catiaasised replacement of Aland H ions in the soil sorption

complex, leading to a higher soil pH after beetle infestation despite acidic needle drop. It appears
with the increasing soil pH and base saturation that the quality of soils in the Czech Republic
catchment increased pdstetle infestation as compared to before the infestation; however, the
increased mobility of other cationic metals such as Cu, Zn, and Cd which were not investigated
in these studies may lead to detrimental water quality impacts.

Literature regarding changes in transport of other metals (besides aluminum) following
bark beetle infestation is limited. Complimentary studies investigating the effect of land use
change (agricultural versus forest) on metal mobility have found 8@%oof the measured Zn
and Cd levels to be above current ground water quality standards after forest soil acidification
(Romkens and Salomons, 1998he effects on metal flux are complex due to intertwined
processes such as ligand affinity and aqueous solubility as a function of pH. DOC is known to
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form complexes with metals such as cadmium, copper, nickel and zinc (eg. Christensen et al.,
1996; Antoniadis and Alloway, 2002), thus increasing their mobility. Accordingly, it is possible
that metal mobility could be increased by complexation with DOC resulting from large-scale tree
die-off and an initial rapid loss of carbon from the soil (Xiong et al., 2011) followed by
prolonged release into the adjacent water supplies (Huber et al., 2004; Mikkelson et al., 2013b).
If DOC-metal complexation is the primary mechanism for metal transport in the watershed, then
it is important to also take into consideration hydrologic controls on DOC release. If the infested
watersheds exhibit a typical seasonal peak release of DOC (approximately one month prior to
peak stream discharge) (eg. Hornberger et al., 1994), then peak metal concentrations can be
expected around a similar seasonal timeframe. However, as it is still unknown which dominant
DOC transport pathways are altered post beetle infestation, it is possible that the typical
hydrologic controls on DOC release will change. Therefore, pre-infestation watershed
characteristics such as soil metal concentrations and dominant hydrologic flow paths are critical
in determining watershed response. It has also been shown that in waters receiving little urban
input (i.e. waters from forested catchments), aromatic humic substances are the dominant metal
chelators (Baken et al., 2011). If bark beetle infestations increase the aromaticity of DOC,
particularly in low flow months, as suggested by field data presented by Mikkelson et al.
(2013c), and discussed above, then metal transport via DOC complexation could be enhanced,
especially in low flow months.

Along with DOC complexation, pH is well known to influence metal mobility (Gabler,
1997; Romkens and Salomons, 1998; Sauve et al., 2000) where lower pH generally increases
solubility, desorption rates from soil, and thus mobility. Acidification is possible following forest
die-off due to increased nitrification (Helie et al., 2005) and an increased acidic needle pulse to
the forest floor and therefore could lead to increased cationic metal solubility. Conversely,
increases in pH as was observed in Kana et al. (2012) and Xiong et al. (2011) potentially could
increase metal mobility as the solubility of DOC increases with increasing pH (Guggenberger et
al., 1994a) and DOC is more readily available for complexation. Although there is no literature
that addresses metal-mobility impacts of the bark beetle infestation, it is important to determine
if metal mobility will be altered because of the potential impacts on ecological health as well as
possible complications in municipal water treatment and drinking water quality. Research needs

to begin with stand-scale observations of soil-water metal concentrations and expand out to



watershed and regnalscale observations of surface and groundwater metal concentrations over

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

phenomengeg. Romkens and Salomons, 1pB8ve resulted in large differences in metal

mobility

2.4 Summary and Synthesis

Coupled hydrologic and biogeochemical processes resulting from bark beetle outbreaks

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

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

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

forests:

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

Changes in evapotranspiration arere variable and may be offset by competing
components, such as decreased transpiration but increased ground evaporation.

Soil moisture increases are probable, although seasonal fluctuations may be influential in
determining overall increases.

Standscale water yield will increase; however, confounding factors such as percent
infested, evaporation rates, and climate make predicting changes in water yield difficult
on a watershed or regional scale.

These hydrologic shifts combined with other beetduced impacts will in turn affect

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

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

precipitation, some peagle trends are:

A lag in time between initial infestation and observance of concentration changes exists
for most nutrient responses; however, this tsoale lag differs depending on nutrient

and watershed characteristics.

Nitrate soil response will b@dependent on atmospheried¢position and climatic factors.
Ammonium is likely to increase in soil beneath dead trees due to increased mineralization

or organic matter and cessation of nutrient uptake through the roots of dead trees.



* Changes in stream water NOs; and NH4 concentrations depend on catchment hydrologic
flow-paths, atmospheric N inputs, N pools and sinks and potential denitrification in
underlying soils, aquifers and riparian zones.

* Increases in nitrate will be coupled to increased aluminum transport in seepage and soil
waters.

¢ Changes to the composition of total P (dissolved vs. particulate) are probable, although
the actual concentrations of P may not increase.

* Soil DOC initially decreases due to cessation of root exudate processes until needle drop
where decomposition rebounds soil DOC concentrations.

* There is a potential for increases in both DOC concentration and refractory properties in
stream and groundwaters.

As a result of competing hydrologic processes and the inherent variability of natural
watershed characteristics and infestations, coupled and indirect water resource effects related to
beetle infestation are difficult to predict. It is still necessary to distil the essential climatic,
watershed, forest stand, and beetle attack variables that impact overall water supply to support
predictive understanding and models for future water management that work across different
scales of distance and time.

In addition, detailed studies investigating the impact of watershed flow paths and
residence times after a beetle infestation are needed to better understand the link between water
quantity and water quality alterations (eg. Romkens and Salomons, 1998) and determine the
length of time during which a catchment response to beetle infestations might be expected. If
beetle infested watersheds exhibit fractal scaling then the watersheds have the potential to retain
a long memory of past inputs (eg. Kirchner et al, 2000; Kollet and Maxwell, 2008), extending
the impact of the bark beetle infestation well beyond what was initially anticipated. Conversely,
if beetle epidemics increase preferential flow through the soil in response to increased snowmelt,
spatial variability in snowmelt processes, and changes to melt timing, then significant buffering
may not occur, and we should expect to see more dramatic changes in surface water composition
(Godsey et al., 2010). However matrix flow is known to often provide significant buffering to
rapid changes (Frisbee et al., 2012), which could explain why streamflow alterations post beetle
infestation are only observed within certain watersheds. Beetle kill results in temporal and spatial

heterogeneity in several hydrologic processes, and this heterogeneity can play a large role in
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watershed response. Whether or not a catchment delivers a rapid, concentrated pulse of released
nutrients, DOC, and metals to surface waters or a less concentrated but prolonged pulse depends
upon a specific catchmentOs residence time and dilution capdiity,may or may not mitigate

the beetle infestation impacts. Further research is needed to understand the transport and
buffering mechanisms that may offset potential water quality effects in infested watersheds.

The potential for perturbations to nutrdeycling, and metal speciation and mobility are
unclear, though recent research suggests that shifts may impact downstream ecological and
municipal water qualityFrisbee et al., 20)2Researh agrees that alterations to N and DOC
cycling will occur at the trescale (Table 2), although compilations of lareggeale responses
are uncertain and still emerging in the literature. A better understanding of outcomes requires
field evidence as wells a better mechanistic understanding of these integrated and sometimes
competing processes, as it has been argued that insect infestations have the potential to affect C
cycling on a regional sca(®likkelson et al., 2013b This understandingan then be
complimented by model development and validation to further explore the potential severity and
duration of the impacts of bark beetle infestations on water quality in order to plan and mitigate
for potentially adverse outcomes. Timing and transpre additional variables where a strong
integration and understanding of traditional hydrological approaches will play an important role
in better understanding biogeochemical ramifications. Understanding these water quality and
supply alterations isgsticularly important, as climate change continues to increase the range and

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

The mountain pine beetle (MPB) epidemic in western North America is generating
growing concern associated with aesthetics, ecology, and forest and water resources. Given the
substantial acreage of prematurely dying forests within Colorado and Wyoming (~2 million acres
in 2008), MPB infestations have the potential to significantly alter forest canopy, impacting
several aspects of the local water and land-energy cycle. Hydrologic processes that may be

influenced include canopy interception of precipitation and radiation, snow accumulation, melt
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and sublimation, soil infiltration and evapotranspiration. To investigate the changing hydrologic
and energy regimes associated with MPB infestations we used an integrated hydrologic model
coupled with a land surface model to incorporate physical processes related to energy at the land
surface. This platform was used to model hillslope-scale hydrology and land-energy changes
throughout the phases of MPB infestation through modification of the physical parameterization
that accounts for alteration of stomatal resistance and leaf area indices. Our results demonstrate
that MPB infested watersheds will experience a decrease in evapotranspiration, an increase in
snow accumulation accompanied by earlier and faster snowmelt and associated increases in
runoff volume and timing. Impacts are similar to those projected under climate change, yet with
a systematically higher snowpack. These results have implications for water resource
management due to higher tendencies for flooding in the spring and drought in the summer.
3.1Introduction

The mountain pine beetle (Dendroctonus ponderosae, MPB) epidemic in Western North
America presents challenging forestry and water resource problems. Outbreaks of MPB have
been historically endemic and result in about 2% tree mortality in affected watersheds.
However, recent outbreaks have affected an unprecedented quantity of trees in the Rocky
Mountain West and are resulting in close to 100% tree mortality (Samman and Logan, 2000;
Logan et al., 2003; Taylor et al., 2006). Because infestation is common in major watersheds in
the semi-arid West, the impact of the MPB on water quality and quantity are of great concern.

High tree mortality rates of recent MPB infestations will induce significant changes in
forest canopy, which in turn may impact several aspects of the local water and energy cycle.
Previous research has shown that alterations in the canopy can have considerable impacts on the
water balance including canopy interception of precipitation and solar radiation (Barry ef al.,
1990; Hardy et al., 1997; Bales et al., 2006; Rinehart et al., 2008); canopy wind speed
(Yamazaki and Kondo, 1992; Wigmosta et al., 1994; Gelfan et al., 2004); snow accumulation,
snow-melt, sublimation, and evapotranspiration (ET) (Hardy et al., 1997; Hedstrom and
Pomeroy, 1998; Pomeroy et al., 2002; Musselman, 2006). Changes in canopy cover and forest
structure due to MPB infestations have the potential to result in more rapid snowmelt and drier
soil in the summer. Impacts on snow processes are particularly important because in many areas
susceptible to MPB, the dominant source of surface, soil and ground water is snowmelt (Barnett

et al., 2005). Annual water yields and peakflows have been shown to increase following insect
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infestations (Bethlahmy, 1974; Potts, 2007), which can lead to increased particulate transport.
Decreases in forest canopy will also result in decreased transpiration due to widespread tree die
off, and thus reduce soil water/groundwater uptake and potentially increase groundwater
recharge (MacDonald and Stednick, 2003).

Field studies have recently begun to investigate the changing hydrologic regime due to
widespread tree mortality caused by MPB, and it is therefore imperative that we begin to model
the changing subsurface and land-atmosphere fluxes to gain a better understanding of the
phenomenon to guide observations and inform water and forest managers. Integrated
hydrological models are an essential tool to understand the relationships between groundwater,
surface water and land-energy feedbacks and hence compliment and focus field observations
(Maxwell and Kollet, 2008; Kumar et al, 2009; Therrien et al, 2009; Ferguson and Maxwell,
2010; Leung et al, 2010; Sulis et al, 2010; Ferguson and Maxwell, 2011; Ferguson et al, 2011).

The goal of this study was to investigate how the surface energy balance and hydrologic
regime would change throughout the course of a MPB infestation. Previous studies (not related
to the MPB) have used integrated hydrologic models to look at the feedbacks between the
hydrologic and the land-energy cycles under climate change (Wilby et al, 2006; Maxwell and
Kollet, 2008; Brookfield et al, 2010; Ferguson and Maxwell, 2010) to gain insight into how the
two influence each other. Here we extend the idea that feedbacks between the local water and
land-energy cycles are important by perturbing land-cover to represent an insect infestation of
epidemic proportions.

3.2 Methods

In this study we used the integrated hydrologic model, ParFlow, to study the MPB-
induced perturbations in plant processes on the complete, coupled, terrestrial water and energy
balances in a forested Rocky Mountain watershed. In the configuration used here, ParFlow
simulates three-dimensional, variably-saturated groundwater flow and fully-integrated overland
flow; subsurface and overland flow equations are solved simultaneously, allowing non-linear
feedbacks between the surface and subsurface flows (Kollet and Maxwell, 2006; Sulis et al.,
2010). ParFlow was coupled to the Common Land Model (CLM) (Dai et al, 2003; Maxwell and
Miller, 2005) which calculates the water and energy fluxes at the land surface including
evaporation from the canopy and ground surface, transpiration from vegetation, ground heat flux,

and snow water equivalent (SWE). CLM is forced with atmospheric data such as precipitation,
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solar radiation, wind, temperature, humidity and pressure. Complete detdiseuations
coupled in CLM and ParFlow can be found in the literaftaxwell and Miller, 2005Maxwell
and Kollet, 2008Kaollet ef al., 2009 and a summary of the relevant equations can be found in
section 2.3.
3.2.1 Coupled Numerical Model: Summary of Processes

ParFlow solves the variabbaturated Richards equation in three spatial diroessi
coupled to the kinematic wave equation for overland flow to determine the change in surface and
subsurface water storage. This formulation allows for physibaléed runoff generation,
topographic flow and a spatially variable water table that danaict with the land surface. In
CLM, ET is the combination of ground evaporation, canopy evaporation (from wetted stems and
leaves) and transpiration. Transpiration dependslinearly on solar radiation, via the light
response of stomata and can themebe controlled by the stomatal resistance, which is directly
adopted in CLM from the Land Surface Mo@Bbnan, 199% The leaf area index gD of the
watershed is also an important part of the ET equations as it deterthe amount of incoming
radiation and precipitation reaching the forest floor. Precipitation is either intercepted by foliage
or directly falls to the ground when the maximum water capacity of the canopy is reached
(adopted from the BiospheAmosphee Transfer Schem@®ickinsoner al., 1993). All the
hydrology in CLM used to calculate soil moisture, infiltration and runoff is replaced by the
values in ParFlow and ET calculated from CLM is transferred to ParFlow; ParFlow, in turn,
provides CLM with subsurface pressure head and saturatidingitt soil moisture and modify
soil heat transfer properties.
3.2.2 Coupled Numerical Model: Summary of Equations

While complete details of the solution approach that ParFlow uses to solve for coupled
surfac&subsurface flow are given {dones and Woodward, 20(ollet andMaxwell, 2006 a
brief summary of the equations is presented here. Fundamentally, ParFlow solves the Richards
equation for variably saturated flow in three spatial dimensions given as

oh dS,(h) o
SSSN e +¢ ot _V q+qr(X,Z) (1)
where
q="! K,k (h)"#(h! 2) )
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In these expressions, h is the pressure head [unit is defined as length (L)], zis the vertical
coordinate (L), Ky(x) is the saturated hydraulic conductivity tensor (length per unit time), k; is the
relative permeability (-), S is the specific storage coefficient (L), @ is the porosity (-), Sy is the
relative saturation (-), and Q is a general source—sink term that represents transpiration, wells,
and other fluxes (length per unit time). The specific volumetric (Darcy) flux is denoted by q
(length per unit time).

Overland flow is represented in ParFlow by the two- dimensional kinematic wave
equation included as the overland flow boundary condition resulting from application of

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

%h.0
k" [#K k"$(h# =12 #%" |h,0/|&" + X
[#K 0k " $ (h#2)] == $"| g, (X) G

where Vg, is the two-dimensional, depth-averaged surface water velocity (length per unit
time); h is the surface ponding depth (L), if h> 0; g,(X) is a general source— sink (e.g., rainfall,
h,0

ET) rate (Iength per unit time); and K is the unit vector in the vertical. Note that | indicates
the greater value of the two quantities, that the lhs of Eq. (3) represents vertical fluxes (e.g., in—
exfiltration) across the land surface boundary and that the overland flow condition assumes that
pressure h represents both surface pressure and the ponding depth at the ground surface under
saturated conditions (Kollet and Maxwell, 2006). Equation (3) represents the connection between
surface and subsurface flow processes.

The primary equations used to represent evapotranspiration and interception in CLM are
summarized below. A more comprehensive description of CLM and the equations used can be
found in Dai et al., 2003. Total ET is taken as the sum of evaporation from bare ground Eg,
evaporation from vegetation Ey (i.e., direct evaporation from wetted foliage), and plant
transpiration Ey.

The maximum transpiration, Eymax 1S given by

Etr max = (2X104)X#f I-AI X$ froot,jWLT,j (4)

where fio0, the root fraction within soil layer | is

froot,j WLT,j

froot,j -~.
E froot,j\NLT,j (5)

and wir is a factor that varies between 0 at the permanent wilting point to 1 at saturation .
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"

f1is the fraction of vegetation excluding the part buried by snow, Laj is the leaf area

index, and wir 1s a function of Prmaxsar.j the maximum, saturated and soil matrix potential at

layer j.
When transpiration is not at a maximum, Ey, is defined by
f
Etr =" f LSAI#( EFOt)Ld ° Eprt $ Etr max
M, +r1, (7)

ET is now also a function of Lga; (the stem plus leaf area index), " (EF*) which is a step

function and is equal to one for a positive EF* (the potential ET) where

sat

E}" =p,1;q)" - 4,) ®)

and zero when E{* is zero or negative. !, is the density of air, g™ is the saturated
specific humidity and qar is the air specific humidity within the canopy space. Lq is the dry
fraction of the foliage surface where

L,=Q"L))L, /L, (9)

and

I"W = (Wdew/Wd max)2/3 (10)

1, and s the leaf boundary and stomatal resistances where 1y, is defined by

- 12
r! =Cfx(Uaf/Df)1 (11)

where Cr if the coefficient of transfer between the canopy air and underlying ground

(0.01 m/s"?), Uy (the magnitude of the wind velocity incident on the leaves) is

12 w12

U, = (12)

Va

12 _
C, =

V(l

and Dy is the characteristic dimension of leaves in the wind direction. V, is the wind at
reference height, Cq is the coefficient of drag and ray is the aerodynamic resistance for
momentum.

ET is limited by the stomatal resistance, rs, which is inversely related to leaf

photosynthesis and is defined by:

1 A
—=m—ﬁps+b

oG (13)



where m is an empirical parameter, A is leaf photosynthesis, cs is the CO, concentration
at the leaf surface, e is the vapor pressure at the leaf surface, ¢; is the saturation vapor pressure in
side the leaf at the vegetation temperature, p; is the atmospheric pressure and b is the minimum
stomatal conductance (2000 umol m™s™).

Evaporation from bare ground Ey and vegetation E,, are calculated by Equations 14 and

15, respectively:

0, #d,
Eg="a(g|’d ) (14)

w

" + 0 % . (—' 0

E, = fLSA|:1#$(Eft)é#LW)PE$t "
where (g is the air specific humidity at the ground surface [kg/kg]; ga is the specific

humidity at reference height 7,, obtained from the prescribed atmospheric forcing [kg/kg]; and rqg

is the aerodynamic resistance of evaporation between the ground surface and canopy air,

computed based on Monin-Obukhov similarity theory; Lw is the wetted fraction of the canopy [-
].

Precipitation arriving at the top of the canopy is either intercepted by foliage, or directly
falls through the gaps of leaves to the ground. In CLM the rate of direct through-fall is

proportional to P, the rate of precipitation (mm/s) and is given by:

Dd = [” f exp(#OSLSAI )]P (16)

and the maximum water capacity of the canopy is given by:

Wy max =O'1mrr("fLSAl) (17)

where the maximum storage of solid water is assumed to be the same as that of liquid
water.

The land energy budget includes conduction of heat through both soil and snow layers.
The snow-pack in CLM is modeled with up to five layers depending upon total snow depth.
Three mechanisms are used for changing snow characteristics: destructive, overburden, and melt
and snow albedo decays over time due to accumulation of dirt and growth of snow grain size.
Previous simulations show the snow model compares well with observations of SWE and the

land-energy model with ground temperature (Maxwell and Miller, 2005).



3.2.3 Problem Domain and Setup

Figure 3.1 shows the physical processes in our simulated hillslope. In our simulations the
water table begins three meters below the ground surface on the left side of the domain and
meets the ground surface on the right side of the domain. Bedrock is assumed to be 12.5m below
the ground surface and is a no flow boundary. Once water reaches the confines of the domain as
either subsurface lateral flow or overland flow, it crosses the boundary and is no longer
considered to be part of the domain, leading to subsurface storage losses or gains depending on
the scenario.

1% slope 8% slope 15% slope

\
1% slope K’ k-)
W
\ 1

Bedrock- No flow Boundary

5% slope

// [/ -

Figure 3.1Displays the governing processes in the three simulated watersheds. Arrow lengths ir
flux magnitudes. P is precipitation, ET is evapotranspiration, O is overland flow, and | is infiltrat

This hillslope-scale study was simulated with a hypothetical domain, 500m (x-direction)
by 1000m (y-direction) by 12.5m (z-direction). The domain was discretized using Ax=100m,
Ay=200m and Az = 0.5m. Three different simulations were run with topographic slopes of 0.01,
0.08 and 0.15 m/m (Figure 3.1) that were selected to represent the topography found both in
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high-elevation, mountainous, MPB-infested watersheds in the Rocky Mountain West, along with
the flatter MPB-infested watersheds found in southern Wyoming. The saturated hydraulic
conductivity was set to 0.1 m/hr. Porosity and vanGenuchten parameters were assigned for the
watershed. Porosity was held constant throughout at 0.390 (-) and the van Genuchten parameters
were set as follows: o = 3.5 (1/m), n =2 and S, = 0.01 to represent an idealized, relatively fast
draining, sandy clay loam soil. Soils in mountain hillslopes are of course very heterogeneous
with great uncertainty about both point values and spatial distribution. The assumption of
homogeneity invoked here is used to isolate the impacts of land-cover changes on the hydrology
of the system, while minimizing other confounding signals. Approaches that directly include
heterogeneity at the hillslope scale (Rihani ef al., 2010; Atchley and Maxwell, 2011) are beyond
the scope of this current study and are excellent topics for future work.

Hourly meteorological forcings were taken from the North American Land Data
Assimilation System (NLDAS), forcing dataset (Cosgrove et al., 2003) for the 2008 water year
(September 1% 2007 to August 31*, 2008) at Pennsylvania Gulch, Blue River, Colorado. The
climate during 2008 was typical of an average year for this region by comparing precipitation to
seasonal averages and therefore a good representation of what a climatological weather pattern
will be in the Rocky Mountains yet still including high-frequency (hourly) variability. The
model was run for each phase for three years, re-running the 2008 meteorological data for each
year, to minimize the influence of initial conditions (but not running the model to equilibrium)
on simulated results with results focusing on the third year.

In the model simulations we defined the process of mortality in an affected tree to have
four distinct phases: (1) green phase: the tree is alive and transpiring, (2) red phase: the tree has
been attacked and has ceased transpiring and interception has slightly decreased, (3) grey phase:
the tree is dead, has no remaining needles, transpiration has ceased, and interception is
significantly decreased and (4) dieback phase: the tree has fallen to the ground and begun
decomposing as new vegetation begins to take its place. During an actual MPB infestation the
vegetation distribution throughout the four phases is likely to be heterogeneous, however, for the
sake of simplicity and to understand the magnitudes of difference in the hydrologic and energy
regimes between each phase, we are assuming a homogeneous distribution of vegetation during

each phase.



The hydrologic and land-energy impacts of each of the four phases of MPB infestation
were simulated by perturbing two vegetative parameters: stomatal resistance and leaf area index.
Table 3.1 shows how we defined each phase of MPB infestation, along with its corresponding
land surface classification, maximum and minimum L,; (depending on season, recall that L,y is
dynamically calculated in CLM) and the minimum stomatal conductance. When the MPB
infects a stand of trees, it introduces a blue-stain fungi (Ceratostomella montiand Europhium
clavigerum) that essentially clogs the xylem and phloem tubes (Amman, 1978). This renders the
tree unable take up water and nutrients from its roots. Stomatal resistance was manipulated to
represent this phenomenon during the red and grey stages of infestation by increasing the
minimum stomatal conductance until it was maximized and transpiration approached zero.
During the red and grey phases it is assumed that there is no new undergrowth in the pine stands,
transpiration approaches zero in the entire watershed and bare-ground evaporation is the only

energy land-surface flux occurring.

Table 3.1Parameters used in Parfla®LM for distinquishina the four different MPB phases.

Land Surface  Maximum Minimum Minimum Stomatal
Phase  Classificatiod LAI LAI Conductance (umol s™)
Evergreen
Green Needleleaf Fores 6 5 2000
Evergreen
Red Needleleaf Fores 5 4 2.0E+06
Evergreen
Grey Needleleaf Fores 1 1 2.0E+06
Dieback Open Shrubland 6 1 2000

More detailed information on the differences in the land surface classifications can be found i
IGBP (IGBP), 1990).

3.3Results and Discussion

The yearly water balance for each phase of (MPB-induced) tree mortality under three
different slopes is summarized in Table 3.2. This table shows that the difference between
precipitation and ET is a consistent pattern throughout the progression of a MPB infestation for

each of the three hill slope scale scenarios: as ET decreases for each phase of infestation while



precipitation remains the same. Subsurface storage increases over the year for shallow slopes,

but decreases over the year for steeper slopes, as more water leaves the domain through either

Table 3.2 The domain-integrated water balance for each phase of infestation®.

Phase Slope ' (P-ET) V overland "S

Green 1 90 23 67

Red 1 182 89 93

Grey 1 234 126 108
Dieback 1 317 187 130
Green 8 124 614 -490
Red 8 209 679 -470
Grey 8 255 711 -456
Dieback 8 353 755 -401
Green 15 130 605 -475
Red 15 213 666 -453
Grey 15 259 696 -437
Dieback 15 356 742 -386

*Variables are defined as follows: P = precipitation, ET = evapotranspiration, Vyerana = Overland
flow and AS = change in storage from September 1%, 2007 to August 31%, 2008. Values are in
mm and are a yearly total.

subsurface lateral flow or overland flow (process shown in Figure 3.1). Through each phase of
infestation, the change in storage increases, due to less ET occurring and more water becoming
available for infiltration. Total yearly overland flow also increases with infestation progression
due to decreased interception and enhanced snowmelt.

Time series of monthly, cumulative ET and overland flow, the change in storage and
average monthly SWE for each slope scenario and each phase of MPB infestation are shown in
Figure 3.2. Row A of this figure depicts a general trend of decreasing ET with advancing phase
of infestation. As expected, annual ET is greatest during the summer and lowest during the
winter. During the winter months, the green and red phases experience similar values of ET as
transpiration is low and the snowpack limits ET. However, during the summer when the green

phase begins actively transpiring, the differences in ET between it and other phases are



magnified. The red and grey phase experience a drastic decreaseaarBJlly due to summer
moisture stress, while the green phase ET continues to increase due to transpiration despite the
drier top surface layer. Model simulation of ET assumes that in the green phase the trees are
able to extract water from deep in the subsurface, while in the red/grey phasesjllfares

solely dependent on the soil moisture in the top surface layer.

The same trend in runoff throughout the phases of infestation was observed regardless of
slope, however, the steeper slopes have a magnified runoff response to snowmelt for the grey
phase (Figur8.2, Table3.2). This can be linked to needle loss, wheegreater amount of
precipitation reaches the forest floor at an increased rate causing an increase in overland flow
when infiltration capacity is surpassed. The timing of the peak overland flow is significantly
earlier in the grey and dieback phasesftinathe red and green phases due to earlier and faster
snowmelt. Higher soil moisture earlier in the spring results in earlier onset of runoff because
infiltration capacity is exceeded sooner. With the highest rate of snowmelt, the grey and dieback
pha®s also have the largest increase in subsurface storage during the spring melt. The
differences in overland flow and subsurface storage are more exaggerated between the phases in
shallower slopes due to land cover being more influential than slope imdetg runoff rates.

The monthly snowpack changes were consistent for all slopes as illustrated in Figure 2D.
In these plots we see two distinct trends as infestation progresses: greater snowpack and a shorter
snow season. Greater snow accuatioh associated with needle loss can be explained by
decreases in canopy interception of precipitation. In CLM, changes in slope do not result in
aspect changes that are large enough to cause any differences in SWE. Essentially, CLM
handles aspect byansistently facing slope for all cases. However, in an actual mountainous
watershed the slopsspect ratio would cause differences in SWE. The canopy is able to hold a
specific amount of snow for each storm that then melts at a faster rate than-flatbsigbw due
to lower albedo in the canopy than on the simowered ground. Despite increased snow
accumulation for individual storms, this does not always ensure a greater snowpack in domains
without needles because increased radiation penetration thiteeiganopy causes earlier and
faster snowmelt. This phenomenon is seen during both periods of transition, fall and spring, in

association with the snow season.
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Surface saturation increases through each phase of infestation, but the differences are
most apparent during times of moisture stress (Fig®e In steeper watersheds the difference
in surface saturation is not as drastic because soils are drieridoaeetised baseflow runoff and
1% slope
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Figure 3.3Top layer saturation, averaged hourly over the entire domain fqa)l %% (b) and 15%(c)
slopes.

subsequent drainage of shallow soils. Saturation also drives many of the other hydrologic
processes. For example, during November, ET decreases in the red and green phases partly due
to the dry top surface layer (Figer@2A and3.3) with a minimum in miedvinter months. In the
1% slope case the dieback phaseOs ET is able to rebound in the summer months, surpassing the
grey phase ET. This is not seen for the steeper slopes and is due to the fact that the shallow,
surface soil moisture is higher for the 1% slope (Fig8iBA) than for the other two slopes
allowing more ET to occur in the dieback phase. This relationship between dieback rebound and
slope exists because the deeper roots of the phreatophytic lodgepole pine are able to access
groundwater while the shrub vegetaticannot. The shrub vegetation used in the dieback phase
has roots that extend less than 3.1m into the subsurface. For the steeper slopes the water table is
deeper than 3.1m, thereby limiting the amount of water the plants can transpire.

For example, wén looking at the monthly differences in ET during the late fall, ET does

not follow the typical yearly pattern (FiguB2A): the grey phase exhibits an increase in ET



while all the other phases experience a decrease in ET. To further explore thisgrtmmam

compared the daily average ground temperature, SWE and ET for the green and grey phases

during a twemonth period (Figur8.4). Because the land during the grey phase has a sgnall L

more radiation reaches the ground and warms the surface (Bigene3.4A). The warming of

the ground causes snow to melt and infiltrate, increasing saturation in the top surface layer
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Figure 3.4 Dailyaverage ground temperature, SWE, and ET in the green and grey phases for a 1¢

during a twemonth period. The arrows indicate where the ground temperatures in both phases equalize,

snow begins to accumulate in the grey phase and the grey phagsdm&iently dips below that of th

green phase.

(Figure3.3) and contributing to the spike in ET above the other phases during that period (Figure

3.4C). Once the ground temptree falls below freezing and snow begins to accumulate in early

December (indicated by the arrow in Fig@éB), ET in the grey phase drops back below the

green and red phases and the ground temperatures from all phases equilibrate.

However, the trend mentioned above is not consistent throughout the year. For example,

the grey and dieback phases do not initially accumulate as much snow as the red and green

phases due increased shorteaadiation and higher ground temperatures. As snow begins to

accumulate in mi@ctober, despite the grey phaseOs reduced snow interception, the red and



green phases accumulate more snow on the forest floor. Until the snowpack becomes permanent
the greyphase has a more intermittent snow pack due to increased radiation reaching the forest
floor and melting the snow. This enhanced melting trend in the grey phase continues until both
the air and the ground temperatures remain below freezing (seen inFHurét this point,
snowpack accumulation in the grey phase accelerates and ultimately accumulates more snow
than its needled counterparts due to the reduced interception of snow. Overall, the grey and
dieback phases accumulate more snow than the cedraan phases but have a shorter period of
snowcovered ground, leading to a more magnified runoff response in the spring. Similar to
climate change impacts, the infested watersheds will experience a more magnified runoff
response occurring earlier withore saturated soils and greater groundwater recharge.
3.4Summary and Conclusion

This work uses an integrated hydrologic model to simulate the effects of vegetation
changes on water and energy fluxes from the ongoing MPB epidemic in the Rocky Mountain
West using a senidealized forested hillslope. We arrived at three main conclusions relating to

alterations in the hydrologic and energy budgets in MPB impacted regions:

1. ET decreases as the infestation progresses except for one month in the fellewhen
grey phaseOs ET increases due to increased ground saturation and evaporation.

2. Snow accumulation is accelerated and snowmelt occurs earlier as infestation
progresses, which results in a significantly shorter snow season. However, peak SWE
increags as infestation progresses.

3. As the infestation progresses, the rate of snowmelt increases resulting in increased

peak runoff.

In this integrated hydrologic modeling study we also confirmed that decreases in forest
canopy do result in decreased euagospiration, reduced soil/groundwater uptake and thus,
increased groundwater recharge.

A large amount of research has suggested that climate change is also a primary driver of
earlier snowmelts and earlier peak flof@oneet al, 2002 Stewartet al, 2004 Barnettet al,

2008. A key difference between our findings and those attributed to changes in temperature is
that MPB infestation may both increase the snowpack and result in earlier melts, while climate



change impacts will decrease the snowpack at lower elevations ane @itiaarlier melt

season. Thus, in watersheds with MPB susceptible forests, climate models should include the
impacts of the MPB infestation. The consequences of an earlier and faster melt season could
include extremes such as flooding during late spaimg)a longer duration of low flow and dry
conditions in the summer.

While these model simulations show the general trends and changes of the water and
energy budgets due to the MPB infestation under typical climates, they do not currently extend to
include climate change scenarios that may also be encountered. Chatligesténmay further
exacerbate trends seen through the phases of MPB infestation and necessitate changes to water
management practices. Forest management practices may also need to take into account the
increased risk of fire and possible slope stabidisyies due to widespread tree mortality. It will
also be necessary to conduct hrglolution model simulations of the Rocky Mountain region
(Kollet et al, 2010 to scale up changen ET due to largscale MPB and to look at the large
scale atmospheric feedbacks using integrated groundatat@sphere mode(®axwell et al,

2007 Goderniawet al, 2009 Leung et al., 20LMaxwell et al, 201]). Field observations in
MPB-impacted catchments have been initiated and arenegessary to validate our modeling
predictions and quantify the actual degree of perturbations to overland flow, ¢osddyration,
ET, and snowpack.
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Abstract

Recent large-scale beetle infestations have caused extensive mortality to conifer forests resulting
in alterations to dissolved organic carbon (DOC) cycling, which in turn can impact metal
mobility through complexation. This study analyzed soil-water samples beneath impacted trees
in concert with laboratory flow-through soil column experiments to explore possible impacts of
the bark beetle infestation on metal release and transport. The columns mimicked field
conditions by introducing pine needle leachate and artificial rainwater through duplicate
homogenized soil columns and measuring effluent metal (focusing on Al, Cu, and Zn) and DOC
concentrations. All three metals were consistently found in higher concentrations in the effluent
of columns receiving pine needle leachate. In both the field and laboratory, aluminum mobility
was largely correlated with the hydrophobic fraction of the DOC, while copper had the largest
correlation with total DOC concentrations. Geochemical speciation modeling supported the

presence of DOC-metal complexes in column experiments. Copper soil water concentrations in
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field samples supported laboratory column results, as they were almost twice as high under grey
phase trees than under red phase trees further signifying the importance of needle drop. Pine
needle leachate contained high concentrations of Zn (0.1mg/l), which led to high effluent zinc
concentrations and sorption of zinc to the soil matrix representing a future potential source for
release. In support, field soil-water samples underneath beetle-impacted trees where the needles
had recently fallen contained approximately 50% more zinc as samples from under beetle-
impacted trees that still held their needles. The high concentrations of carbon in the pine needle
leachate also led to increased sorption in the soil matrix creating the potential for subsequent
carbon release. While unclear if manifested in adjacent surface waters, these results demonstrate
an increased potential for Zn, Cu, and Al mobility, along with increased deposition of metals and
carbon beneath beetle-impacted trees.

4.1 Introduction

Climate change is creating stress on environmental ecosystems throughout the world,
altering both water resources and global biogeochemical cycles. One example is through
increased temperatures and drought, stressed forests are more susceptible to insect attack, and in
the past several decades scientists have witnessed the largest levels of tree mortality ever
recorded due to insect infestations (Allen et al, 2010; Maness et al, 2012; Williams et al, 2012;
Raffa et al, 2013). In forests that are reaching close to 100% tree mortality due to beetle-kill,
biogeochemical cycles are being significantly altered. Beetle mortality has been shown to release
larger quantities of carbon into the atmosphere than direct forest fire emissions and can shift
forest dynamics from a net carbon sink to a carbon source(Kurz et al., 2008). Beetle infestation
has also been associated with changing water quality; for example, in Colorado the bark beetle
infestation has been linked to increases in carcinogenic disinfection byproducts in drinking
water, created through chlorination of organic matter-rich waters (Mikkelson et al., 2013b).

As bark beetle infestation can be added to the list of natural and anthropogenic land cover
changes that have been shown to influence dissolved organic carbon (DOC) quantity and
composition (Findlay et al, 2001; Mikkelson et al., 2013b) it is possible beetle infestations will
also influence metal speciation and transport through organic matter complexation (Davis, 1984).
Current literature reviews have predicted changing carbon dynamics in bark beetle-impacted
watersheds (Edburg et al., 2012; Mikkelson et al, 2013a) but have not been able to surmise if
metal transport will be altered. While others have studied the impact certain types of DOC have



on metal transpoffTemminghoffer al., 1997 Olssonet al., 2007 Lee and Chen, 20)0t is not
yet known how organic carbon released from these types of dying forests may alter metal
mobility.

With largescale tree dieff, it has been shown thatiiially there is a rapid loss of
carbon from the soil before needle drop due to the cessation of root excf¥iomset al.,
2017) followed by a prolonged release of DOC into the-s@iter and humus efflux associated
with increased organic matter ded&uber et al., 2004 One possible source of DOC following
a bark beetle infestation is the increased needle deposition on the forest floor and subsequent
decompositior{Yavitt and Fahey, 1996Beetlekilled trees releastne majority of their needles
faster than the typical annual litterfall as they progress from the red to the gréiMgtkgison
et al., 2139. Increases in seivater DOC concentrations lead to increased potential for metal
ligand interactions and mobilization to nearby water supfGésistensen et al., 1996
Antoniadis and Alloway, 20Q21uring or after this redrey trandion. Metal concentrations may
also increase from needle leaching, as evergreen needles can bioaccumulate heavymetals (
Pb, Cu, Zn and Cr) through atmospheric uptake, especially in high pollutioleoeds? al.,
2010. Therefore it is possible soil metal concentrations will increase as thenchtakedles
decompose, which could prove problematic especially in areas already laden with legacy mines
and high soil metal contentrans typical of beetlkilled areas in the Rocky Mountains of
Colorado(Riebsame, 1997

Changes in DOC composition (rather than total concentration) may alsmattd
mobility. Recent findings suggest that DOC composition and characteristics are being altered as
a result of the bark beetle epidemic, specifically the relative fractions of hydrophobic and
hydrophilic materia(Mikkelson et al., 2013b The hydrophobic fraction of DOC consists
mostly of acidic products formed from lignin degradaiiGuggenberge#s al., 1994h and
consequently contains aromatic and reactive moi@flaalls and Haines, 1991t has
previously been observed that the longer pine needles collected from undeeéteknfested
trees degrade the more hydrophobic they bed@eggs and Summers, 2Q1lihdicating that as
needles degrade in a forest, the leaching of hydrophobic DOC is likely to increase. Changes in
the composition of DOC can alter its metal binding capacity as the hydhgoad hydrophilic
fractions have different metal binding characteristics depending on the size fractionation and
source of the organic matt@gian and Thompson, 199Hydrophobic and hydrophilic fractions
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of organic matter also sorb differently to soil, as typically the hydrophobic fraction has a stronger
affinity for soils and is preferentially adsorb@unnivantet al, 1992. Overall it is important
to consider the composition of DOC leached from degrading pine needles as its transport and
metatbinding capacity depend largely on the fractionation between hydrophobic and hydrophilic
proportions.

By using a combined approach of figildrewater sampling complemented by the
controlled introduction of needigerived carbon to fielderived soil columns, this study set out
to explore the effect of pulsed needle drop associated with bark beetle infestation on metal
mobility. It is hypothezed that metal release and sorption from +seaface soils under bark
beetle impacted trees will be altered by (1) increased release of metals that readily complex with
pine needlederived DOC, (2) increased deposition of metals derived from pine readkate,
and (3) varied temporal trends for different metals due to preferential carbon and metal sorption
processes and differences in carbon composition.
4.2 Materials and Methods
4.2.1 Field sites and soils
The soils used in the column experiments vgatered in September 2012 from Keystone
Gulch, Keystone, CO. The soil belongs to the Frisco and Peeler formations and is derived from
glacial till (Miles and Fletcher, 1980Soil was collected from under red phase bdelied
lodgepole pine trees {80cm bgs) in which the needles on the tree were dead and red in color.
Soil was sampled frorthis stage of mortality, as it is the most representative of the soil that
would be found right before needle drop. Soil was taken from under three red phase trees where
three holes were dug around each tree, approximately 100g of soil taken from eaaindhol
homogenized with all other samples (9 samples total) to reduce spatial soil variability. The
homogenized soils were sieved through a coarse mesh (5.66mm) to remove stones and woody
debris, while preserving most of the micropore structure withindth@ggregates, and stored in
an airtight container a#4jC until use. The soil had an average pH of 4.74 (measured using a
0.01M CaCl solution), moisture content of 9.5% (dried overnight at 105;C), organic carbon
content of 159 g k{§(determined by lossn ignition) and a loamy sand texture with 85% sand,
9% silt and 6% clay. The soil total metal content for Al, Zn, Cu, Fe and Mn was 55,500; 143; 16;
34,600; and 786 mg/kg respectively (XRF, Thermo Scientific Niton XL3t GOLDD+). The easily
exchangeable nt& content of the soil (performed in triplicate) was determined from digestion



with MgCl, according to Tessier ef al (1979). The exchangeable Al, Zn and Cu contents of the
soil were found on average to be 7.78 (+ 0.87) mg/kg, 4.91 (+ 0.71) mg/kg and 0.18 (£ 0.09)
mg/kg respectively.

Soil-water samples were collected under late red and early grey phase lodgepole pine
trees (needles had recently fallen to the ground) at Chimney Park, WY in the spring and summer
of 2011 and 2013. Additional site characteristics can be found in Biederman et al. (2012). The
soil surrounding the lysimeters at Chimney Park is similar to the soil obtained for the column
studies and is a coarse loamy texture (Knight ef al., 1985) with an average pH of 4.44. Twenty-
four samples were collected using a vacuum hand pump to pull suction on lysimeters installed at
various depths (9-74 cm below ground surface). Samples were collected in 20ml glass amber
vials for DOC analysis and acid-washed 15ml plastic vials for metal analysis, transported back to
the laboratory in a cooler and stored at 4°C until analysis. Samples were filtered and acidified as
described below for respective analyses.

4.2.2 Column set-up

Four acid-washed borosilicate glass soil columns (Kontes, 4.8 cm diameter and 15 cm
long) were packed 10 cm high with 170 g of soil added in 50 g increments. Uniform packing was
ensured by tapping the sides of the column a consistent number of times between each
incremental addition to settle the soil. All columns had 1.5 cm of glass wool on the bottom to
prevent clogging and 2.5 cm of glass wool on top to help uniformly disperse the influent over the
top of the soil. The bulk density and pore volume of the soil columns was 0.94 g cm™ and 116
cm’ respectively. To maintain unsaturated flow (chosen to best mimic soil-water contact and
redox conditions created during infiltration events in field conditions), 15 cm of tension was
applied at the column base with a hanging water column.

Two different influents were applied to duplicate columns: artificial rainwater (RW) and
pine needle tea (PNT). Artificial rainwater was created according to Davies et al. (2004) The
following inorganic salts were added per liter of deionized water to prepare artificial rainwater:
NaNOs, 4.07 mg; NaCl, 3.24 mg; KCl, 0.35 mg; CaCl, ! 2H,0, 1.65 mg; MgSO4 ! 7H,0, 2.98
mg; and (NH4),SOs, 3.41 mg. The resulting solution had an ionic strength of 0.3 mM and a pH of
5.9. The RW composition and pH was typical of many reported in the literature for studies
carried out in both the northern and southern hemispheres (Davies et al., 2004). PNT was made

by leaching 12.5 g of pine needles per liter of artificial rainwater in 3L glass amber bottles placed



in natural sunlight for 48 hours (Beggs and Summers, 2011). Pine needles were collected from
under trees that had just transitioned to the grey phase, indicating the majority of needles had
fallen within the last year. See Table 4.1 for RW and PNT characteristics.

Table 41 Influent pH values, DOC and metmncentrations. All units are mg/l except SUVA which i
(mg/h(m™).
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Two column variations were run in duplicate (4 columns total). Two columns were
established as controls and received artificial rainwater as influent while the two test columns
received PNT as influent. Influent was applied to all columns at a steady rate of 1mm/min for 32
pore volumes until concentrations began leveling off.

Columns utilized Tygon® tubing and an Ismatec® 8 channel peristaltic pump for influent
flow. Column effluent was collected manually in 40ml acid-washed glass amber vials, filtered
through a 0.45 pm polyethersufone filters and stored at 4°C until analysis. Analysis occurred
within one week of collection. Samples collected for metal analysis were acidified to pH<2 using
trace metal grade concentrated nitric acid, while samples collected for DOC analysis were
acidified to pH<2 using concentrated phosphoric acid. Samples collected for specific UV
absorbance (SUVA) and nitrate analysis were filtered but not acidified.
4.2.3 Sample Analysis and Calculations
Samples were analyzed for DOC using a Shimadzu TOC-550A Total Organic Carbon Analyzer.
The amount of carbon sorbed or released in columns was calculated by equation 1:

Csorbedrreteased = ([DOClpntirw — [DOC]i)*Q 1)

Where: [DOC]pnt/rW = DOC concentration of the influent (PNT or RW)
[DOC]; = DOC concentration at time i
Q = The flow rate
SUVA has been shown to be strongly correlated to the percent aromaticity of the organic carbon
(Weishaar et al, 2003). Absorbance scans were run at 254 nm and 260 nm for SUVA (DU 800
spectrophotometer) and the hydrophobic fraction of DOC respectively. The SUVA values were
calculated by dividing the absorbance at 254 nm by DOC concentration and reported in units of



L mg"' m". The hydrophobic fraction of the DOC was calculated by using the directly
proportional relationship between light absorbance at 260 nm and the concentration of the
hydrophobic fraction for pine trees (Dilling and Kaiser, 2002). This method is applicable for
water samples of low nitrate (< 25 mg/l) and low iron (<5 mg/l) (Dilling and Kaiser, 2002). The
column influent and effluent met both of these criteria at all points throughout the experiment.

Metal concentrations were measured using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) in the laboratories at the Colorado School of Mines and all reported
metal concentrations are the total aqueous concentrations. Detection limits were all an order of
magnitude below sample measurements (detection limits for copper = 0.1pg/l, aluminum = 0.7
pg/l and zinc = 0.2 pg/l). Standard checks were performed every ten samples (five times total in
the ICP-AES run for the column effluent results) and the low metal standard concentrations
remained consistent throughout the entire run with five duplicate checks (Cu= 7.2 = 1.1 pg/l, Al
=20.2+£6.2 pg/l, Zn = 2.8 £ 0.0 pug/l). Nitrate was measured using colorimetric test kits (Hach).

The PNT was analyzed for the hydrophobic and hydrophilic fractions of DOC using
XAD-8 resin chromatography (Leenheer, 1981). The XADS resin columns confirmed the
relationship between light absorbance at 260 nm and the hydrophobic portion of DOC.
4.2.4 Geochemical Modeling

The program Visual MINTEQ version 3.0 (Gustafsson, 2005) was used to calculate the
metal speciation in the column effluent using the non-ideal competitive adsorption (NICA)
model (Benedetti et al, 1995) with the assumption of continuous distribution of site affinity.
Input parameters included metal concentrations, DOC concentrations, solution pH and Ca*"
concentrations measured in the column effluent. When other ions were added to model runs
(Mg*", Na", K', SO4> and CI') no major changes to species distributions were found. When
modeling the RW columns, generic parameters for fulvic acid (FA) were used for proton binding
and metal complexation assuming that 50% of the dissolved organic matter (DOM) is C by
weight and 100% of the active humic substances are FA (Milne et al, 2003). However, when
modeling the PNT columns, both the generic parameters and the measured proportions of humic
and fulvic acids were used (89% FA and 11% HA as the ‘active’ humic substances) to best

represent the mobilized soil organic carbon and the DOC from the PNT.



4.3. Results and Discussion

To better understand how a bark beetle infestation might impact metal mobility and
transport, leached PNT was passed through duplicate, homogenized soil columns. To
complimentthis laboratory experiment, field sailater samples were also collected beneath
beetleimpacted trees. Three metals, Cu, Zn and Al, were chosendapth analysis with
relation to needlelerived DOC. Cu is important to monitor as it readily complexés ROC
(Temminghoff et al., 197), and Zn has been found in high concentrations in pine needles
(Nilsson, 192). Prior field studies have also seen an increase in Al mobility after beetle
infestation(Zimmermann et al., 20Q0®uber et al., 2004T okuchi et al., 2004often correlated
to NGs' levels, which have implications for potential shifts in nitrogen cycling. It is also
important to take into account these metals with regard to bark beetle infestations as metal
contamination is already common in many mountain streams of Colorado located ikitledtle
watersheds, with Zn and Cu often exceeding ecotoxicity lifhitiknight and Bencala, 1990
For clarity only the average concentrations from the duplicate experiments are shown in the
representative figures and tables. Effluent concentrations were on average within + 7% (DOC)
and = 21% (metals) of their respective duplicate columns aadl&rs can be seen in figures
A2 and A3
4.3.1 DOC Mobility in Column Experiments

Figure 4.1 shows the average Cu, Al and Zn effluent concentrations for both the PNT and
RW columns, along with the average effluent DOC concentrations for the respective column.
The PNT influent DOC concentration was 96 mg/l (representative of peak concentrations of
forest floor leachate in a lodgepole pine dominated fo(¥stjitt and Fahey, 199@&nd the RW
influent DOC concentration was 2 mg/l. The PNT columns effluent DOC concentration was at a
maximum within one pore volume, while the RW columns did not reach maximum DOC levels
until around five pore volumes. The PMolumns experienced an increase in DOC
concentrations around the eighth pore volume, but the DOC slowly tapered off for the remaining
experimental duration. However, it is clear that the influent DOC was immobilized in the soils of
the PNT column withithe first several pore volumes (Figy&, red shaded area). This
behavior could be attributed to the interaction of dissolved organic compounds with DOM
sorbed to the soll, thus inhibiting the mobil{tyan and Thompson, 20D8r the interaction of
DOC with Fe and Al oxyhydroxidg&aiser and Guggenberger, 200 total, an agrage of
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Figure 41 Average effluent metal (Cu, Al, Zn) and DOC concentrations from duplicate columns of PNT (A,C,E) and rainwater (B,Dri.influe
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50.0 (x 11.5) mg of carbon sorbed to the PNILimns, while the RW column actually released
50.2 (= 8.6) mg of carbon from the soil (32 pore volumes in total were eluted). Overall, the PNT
effluent contained 303.7 (£ 9.2) mg of carbon (in addition to 50.0 mg of C sorbing to the soil),
which is 6 timesnore than the amount of carbon in the RW column effluent.

The column experiments indicated that low influent DOC concentratiensa{nwater
infiltrating into bare soil) mobilize organic carbon from the soil matrix (Figu2eblue shaded
area). Thigghenomenon has been observed in field and laboratory experiments where DOM
mobilization and transport is coupled with rain evéXis and Saiers, 20)0However, when the
influent contains large concentrations of DQE. fainwater infiltrating through a large
decomposing needle layer before entering the soil matrix), a portion of the carbon transported
through the soil matrix will sorb to the soil (Figwt, red shaded area). This leads to the
potential for future desption of the newly deposited soil carbon after the thick needle layer is
removed or has leached much of its carbon through the soil matrix, creating a potentially large
mobile carbon pulse that could travel to adjacent surface and groundwaters.
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Figure 42 Average carbon balance from the duplicate columns contrasting PNT and rainwater. The blue
shaded area indicates carbon is desorbing from the soil column and the red shaded area indicates that
carbon is being sorbed to the soil column as the influen¢lsahrough the soil matrix.

4.3.2 Metal Mobility in Column Experiments
The addition of DOC from needle leachate may influence metal speciation and transport,

particularly due to the low percentage of metals in the exchangeable pool of the soils when



compared to soils utilized in previous studjeg. Burtet al, 2011). Both columns eperienced

their maximum Cu and DOC concentrations concurrently (Figure 4.1) and have a positive
correlation between the effluent DOC and Cu concentrations (Table 4.2), consistent with other
soil column experimentd'emminghoff et al., 199Menget al, 2002. This phenomenon was
explored more in the field sampleasdais described below (section 4.3.3). In the PNT columns,
Cu was rapidly released in approximately the first twelve pore volumes in association with the
high flux of DOC running through the columns followed by tapering (Figur&). The RW
columns exhibited a similar trend, as the effluent Cu tracked well with DOC concentration
(Figure4.1B).

Table 4.2 Pearson's correlation coefficients (r) for Cu, Zn and Al with effluent DOC concentrations,
hydrophobic DOC concentrations, pHda@a concentrations in column and field studies. The coefficient
ranges from1 to 1 with values close to 1 et signifying stronger positive or negative correlations
respectively and is based off of the averages from the duplicate column runs. Therfiellations are

from under latered phase trees. The grey highlighted cells indicate correlations > |0.60].

Hydroph.
DOC DOC pH Ca
Cu
RW 0.86 0.59 -0.14 0.65
PNT 0.64 0.10 0.62 0.69
Field 0.82 N/A N/A 0.47
Zn
RW 0.67 0.40 -0.25 0.70
PNT 0.74 -0.31 0.28 0.61
Field -0.23 N/A N/A -0.68
Al
RW 0.82 0.79 -0.42 0.53
PNT 0.06 0.60 0.13 0.32
Field 0.91 N/A N/A 0.69

Overall, the PNT columns eluted an average of 31.5 (+ 0.7) pg of Cu, 9.4 (£ 0.7) of which were
desorbed fronthe soil. The RW columns released an average of 18 (x 0.7) pg of Cu, all
attributed to soil desorption. Given the RW columns had a larger quantity of desorbed Cu, it
appears that the concentration of Cu in the PNT (0.006 mg/l) is inhibiting soil desprption
leaving the possibility for additional subsequent release. In previous studies, Cu mobility has
shown initial enhancement from DOC followed by subsequent retardation attributed to the

formation of ternary complexes between the aquifer material, Cu a@dddpGhanges in the



electrostatic potential at the solihase surfacéHan and Thompson, 20P3rhis may be the

case in the PNT columnas the PNT significantly enhanced Cu mobility in the beginning of the
column experiments, but then the fractional increase in mobility tapered off. Cu also has a
positive correlation to aqueous Ca effluent concentrations suggesting competitive DOM sorption
occurred in these soil columfidarter, 1992

Aluminum effluent concentrations exhibit a different trend than was observed for Cu.
Effluent Al concentratios in the PNT columns increased until around the twelfth pore volume,
despite decreasing DOC concentrations (Figure 1C). When the influent DOC wasg ltve (

RW columns), the effluent Al concentrations appeared to follow the same trend as Cu and were
postively correlated to effluent DOC, hydrophobic DOC and Ca concentrations (F2le

however, in the PNT columns Al concentrations appear to be closely correlated with only the
hydrophobic portion of DOC. This is markedly different than Cu and Zn, gdlmaniCu
concentrations in the RW columns appeared to have any correlation with the hydrophobic
portion of DOC concentrations (Table). Aluminum mobility appeared to be enhanced
throughout the entire duration of the column run, with the maximum enhantegturring in

the first eight pore volumes. This observed trend could be attributed to desorption of Al from the
exchangeable pool of metals or related to the initial rapid solubilization of reactive solid phase
Al followed by the slower dissolution ¢éss reactive minerals in the soil, assuming kinetically
controlled dissolution of inorganic soil Al compounds is the main supply for organically bound
Al as has been suggested by other stu@esggren and Mulder, 1998Vesselinket al, 19969.

Overall, the PNT column effluent contained 4.1 (£ 0.9) mg of Al, 3.2 (£ 0.9) of which were
desorbed fronthe soil. This suggests that Al soil desorption is enhanced more than Cu
desorption by the addition of DOC, possibly because the additional Al in the PNT does not
inhibit Al desorption as is possible in the case of Cu. In comparison, the RW column only
released a total of 2.0 (x 0.3) mg of Al, less than half that of the PNT column.

Zinc effluent concentrations followed a similar trend as the Cu effluent concentrations
where the PNT and RW columns displayed fairly strong correlations with DOC and Ca
concettrations (Figurel.1E & 4.1F, Table4.2). However, from the fifth to the ninth pore
volume, the average Zn concentrations in the PNT columns increased despite a decreasing DOC
concentration (Figurd.1E). Zn was also positively correlated with Ca concentrations (Add)le
suggesting that when carbon sorbs to the soil matrix it replaces Zn and Ca ions. This trend has



been observed before, where Zn is strongly correlated to Ca and to a lesser ext¢ah&deC
al., 2007. In these experiments, the concentration of Zn in the PNT was high enough that a large
portion of the anc sorbs to the soil matrix instead of transporting in the aqueous phase.
Throughout the duration of the column experiment (except for the first pore volume), the
concentration of Zn in the PNT was32imes higher than the concentration of Zn in the efitu
In total, out of the 319 pg of Zn entering the PNT columns an average of 220 (x 14.8) pg of Zn
sorbed to the soil matrix. This indicates that the soil possessed a large capacity to sorb Zn ions.
Even with the large amount of Zn sorption, the effluerihe PNT columns contained a total of
119 (£ 10.6) pg of Zn, which is almost twice that of the RW column.
4.3.3 Metal and Carbon Association in the Field Under Beketipacted Trees.

Field correlations often corroborated column results although fietdlabons were
reported from only from under lated phase trees (Table?), as they were the majority of the
samples, and only a few eayey phase trees were available for comparison. In complimenting
the column results, Cu and DOC concentrations were strongly correlated in field measurements
under red phase beetlapactedrees (Tabl&l.2), suggesting the potential for higher
concentrations of Cu after increased DOC flux from needle decomposition. Furthermore, the
average soilvater Cu concentration under grey phase trees (6.5 = 4.3 pg/l, n = 8) was almost
twice as high aander red phase trees (3.6 + 2.0 pg/l, n = 16) suggesting an association between
the pulsed needle drop that occurs as the trees progress from the red to the grey stage.

In the field samples, Al exhibited a strong correlation with both DOC and Ca, whieh
not observed in the PNT columns (TaBl2); however, trends observed in the field were also
seen in the RW columns. Al concentrations in-s@ter samples from under red and grey trees
were not significantly different (red phase: 0.60 + 0.53mg#l&; grey phase: 0.58 + 0.84mg/I,
n = 8). This suggests there might be other processes occurring in the field that are not completely
mimicked by the columns. Seiater aluminum levels have also been observed to correlate with
NOs concentrations in fieldtudies after beetle attakimmermann et al., 20Q0®uber et al.,
2004 Tokuchi et al., 2004 Laboratory results confirmed a weak correlation betweemnAl
NOs in the PNT columns (r = 0.40) and RW columns (r = 0.38); however, the column duration
was brief enough that it might not have had sufficient time to capture the microbial assemblages
responsible for nitrogen cycling often observed in the fieldtl@ other hand, the field samples
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from this study displayed a negative correlation {060) with nitrate, although NOfield data
was limited and the sample size small (n = 4).

In the field, Zn had a weak negative correlation with DOC, which washsa&rved in the
soil columns. The samples also showed a negative correlation between Zn and Ca, possibly due
to Zn sorption to the soil and the release of Ca. Comparison of these field and column results
supports previous observations of the opposing behaf/Zn with regards to DOC that has
been observed in previous column and field studieand Shuman, 199Kalbitz and
Wennrich, 1998Zhao et al., 2007 However, field observations camhed the hypothesis that
zinc-saturated needle decomposition will lead to highersater Zn concentrations as the
samples from under grey phase trees that had recently lost their needles were on average 50%
higher (40.5 £ 33ug/l, n = 8) than the Zn centrations under red phase trees (28.6 = 33ug/l, n =
16).

4.3.4 Metal Mobility and pH in Column Experiments.

The pH of the effluent averaged 7.4 £ 0.4 and 6.4 £ 0.3 for the RW anddhniins
respectively (Figure A4 The DOC effluent concentrations in the PNT column had very little
correlation with pH (r=0.11) and the RW columns had a weak positive correlation (r=0.34). The
effluent pH concentrations were higher than the soil pH (measured in batch) in both thedPNT a
RW columns by about 1.5 and 2 pH units respectively which suggests that ion exchange may
have decreased proton concentrations in the effluent. Effluent pH does not appear to explain any
of the metal concentrations or DOC concentrations except in the®NmMn with regard to Cu
(Table4.2) as DOGmetal complexation dominates at high @F¢mminghoff et al., 1997as
compared to lower pH values where there are less deprotonated acidic functional groups
available in the DOM for metal bindifdanseret al, 2002. This was verified with geochemical
modeling, which found all metal species ie fANT column to be conlgxed to DOC (Table 4)3
until the last measured time step where 0.5% of the aqueous Al was [Al(AHE effluent
from the RW columns was oversaturated with respect to gibbsite (Ad@dfthe entire column
duration, while the RT column effluent was undesaturated with respect to gibbsite until the
last three pore volumes where it reached equilibrium followed by slight oversaturation. The
metal species in the RW columns were more varied for Zn and Al, but aqueous Cu was always
complexed with DOC. Ziiand [Al(OH)] were the other dominant species in the RW columns
besdes ZrRDOM and AIDOM (Table 4.3.



Table 4.3 Metal species predicted in column effluents frr 4.3.5 Influence of DOC Composition on
NICA-donnan model. Ranges encompass the max and .

percentage fithat species (of the total metal concentratic Metal Mobility

effluent samples) modeled during the entire experiment: Along with the transport and

duration.
[ sorption, the composition of DOC was
I"#3$% &"()"™ +,-#.,% /01 important indetermining metal mobility.
"#$ % % The PNT was found to contain 41.4%
12 & J%% J%% hydrophobic DOC through XAD&sin
4 H#S - 0] #-. % chromatography, and the directly
3- *+'1$ %-)/0/2-# % proportional relationship between
*+&'( #3-%/0/4#-% )%% absorbance at 260 nm and DOC
' concentration found the PNT to be 40%
4% 5£’>6677'11823¢:#$ ;/09%)(/))/;9’ ?;Z hydrophobic DOC. Duringhe column
567'1820 | :)-)/0/..-9 %/0/%-) experiments, the proportion of
56&( -,10/3:-, 44-4/0/)%9 hydrophobic DOC relative to the total

DOC increased in the first 7 pore volumes in the PNT column reaching a maximum of 66%
hydrophobic DOC, while the RW column showed an increase in the hydrophobic portion of
DOC throughout most of the experimental duration, approaching 100% hydrophobiaff2®C

20 pore volumes (Figure 4.3As the proportion of hydrophobic DOC in the RW experiment
eventually approached 1, it appeared that initially both the hydrophilic and hgpdiogractions

of soikbound DOC were mobilized; however, with a longer duration continuous rain event,
eventually all the hydrophilic DOC is mobilized. This behavior supports previous observations
that the hydrophilic fraction of DOC is more mobile tlhe hydrophobic fraction

(Guggenberger et al., 1994&pecifically, the hydrophobic fraction of DOM (of which DOC is a
componenthas been shown to interact strongly with Al and Fe oxides and hydr@Kiaisgeret

al., 200) slowing down their transport. Thus, the hydropHilactions of DOM are likely to

travel faster in hydrologic systems than the hydrophobic fracfMo€arthyet al, 1993. On

the other hand, the opposite trend was ateski the PNT columns as the proportion of
hydrophobic DOC was higher in the effluent than the influent after the first few pore volumes.
This indicates that either the soil had a higher affinity for hydrophilic DOC sorption than
hydrophobic DOC sorptioar additional hydropbbic DOC was desorbing (Figure 4.2\s the
proportion of hydrophobic DOC appeared to tail off in the final pore volumes, it is probable that



once steady state is reached the effluent DOC will closely resemble the influent PNT
compositon of 41% hydrophobics, 19% hydrophilics and 40% neutral compounds.

Along with differences in transport, the composition of DOM can change its-metal
binding capacity. Hydrophilic acids represent the more mobile fraction of DOM in the soill
column(Dunnivant et al., 1992and in some studsehave been shown to bind Cu more
effectively than hydrophobic acidg&uggenberger et al., 1994&owever, more recent studies
have found no difference in the binding characteristics of the two fractions of DOM from leaf
litter with regard to Cu bindin@Hur and Lee, 201 In the experiments reged herein, Al was
the only metal strongly correlated to a specific fraction of DOC (the hydrophobic fraction; Table
4.2). This strong correlation combined with the absence of correlation to overall DOC
concentration, indicates a strong preference foriddibg with the hydrophobic fraction of pine
needle leachate. The longer tailing of increased Al concentrations (Big@eand the later
dominance of the hydrophobic fraction@OC in the PNT columns (Figure 4.8irther supports
the hypothesis that dyophobic DOC plays a primary role in Al complexation.

XPNT
& Rainwater
0.3
5 10 15 20 25 30 35

Pore Volumes

Figure 4.3The average proportion of DQChydrophobic DOC) to DOg(total DOC) in duplicate
column effluents for both PNT and rainwater (control) columns.

4. Conclusions and Environmentalmplications
A combined interpretation of field and laboratory data suggests that a large needle pulse
after bark beetlénduced tree mortality and subsequent decomposition has the potential to

enhance soilvater concentrations of Cu, Zn and Al. IncreaB€&iC release resulting from the



decomposition of the pine needles forms complexes with these metals enhancing their transport
through the soil matrix while also increasing carbon sorption to the soil matrix that could result
in a subsequent carbon reledsés expected that there will be an initial pulse of Cu released

from pine needle leachate due to its affinity for organic complexes, but the duration of this pulse
is unknown as DOM can inhibit Cu transport over longer periods. The addition of largatamo

of Zn from the pine needle leachate creates highemnsdér concentrations along with

additional sorption of zinc to the soil matrix possibly prolonging impacts even after the needles
are leached as the recently sorbed Zn is subsequently releasesbfts. Aluminum appears to

have a high affinity for hydrophobic DOC complexation, which indicates that the pine needle
leachate will mobilize large amounts of Al due to its high proportion of hydrophobic acids.

In beetleimpacted watersheds, water treant facilities have experienced increases in
disinfection byproducts associated with an increased proportion of hydrophobic acids, indicating
that the hydrophobic acids are an important component of organic matter originating from
beetleimpacted tree@Mikkelson et al., 2013pb If this portion of organic matter is increasing in
association with beetienpacted trees and has a propensity to complex with aluminum,
ecotoxicity levels in surrounding waters may be surpassed. Field collectechvisamples
consistently had concentrations above EPA aquatic life criteria levels for Al and Zn (CMC for Al
=750 pg/l and Zn = 120 pg/l) but not for QUSEPA, 1988 and 1995which would exacerbate
existing water quality issues in Colorado where streams often exceed ecotoxicity levels for Al,
Cu and ZnMcKnight and Bencala, 1990The enhanced mobilization of the three metals from
pine needle leachate could also create ecologigality issues for plants as well as inhibit
regrowth beneath the dead canoglésdson, 201p

Thus, it appears that as bark beetle infestations alter carbon dynamics, water quality may
be degraded not only through increased potential for the formation of disinfection byproducts
(Mikkelson et al., 2013fbut also through increased aqueous metal concentrations (particularly
those metals with an affinity for the hydrophobic fraction of organic matter) that could have an
ecological impact on localized regrowth or adjacent water bodies. This contrdwstéinvéte
change projections of reduced surfagater metal concentrations in lowland catchmévitsser
et al, 2012 which do not account for forest mortality due to insect infestations. It is uncertain
how large the magnitude of response will be in baetfgacted catchments withgard to trace
metals, as some watershkgthle biogeochemical responses (particularly Ni® beetle



impacted watersheds have been predicted to be large but observations have only indicated a
weak responsgRhoades et al., 2013t would be insightful to determine the temporal trend of
metal mobilization beneath degrading pine needles and whether or not the increasatesoil
concentrations will be seen in adjacent surface and gratedswcreating ecogjical or human

health concerns.
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Abstract

Climate change has been attributed to increased ecosystem susceptibility to pests and other
stressorgDale et al., 2001 which has resulted in unprecedented tree mortality from insect
infestationgWilliams and Liebhold, 2002In turn, largescale tree dieff alters physical and
biogeochemical processes, such as organic nagtay and hydrologic flow paths, that could
enhance leaching of natural organic matter to soil and surface waters and increase potential
formation of harmful drinking water disinfection byproducts (DB®Reuwenhuijseret al,

200Q Nikolaou and Lekkas, 2001 While prior studies have investigated water quantity
alterations due to climaiaeduced, forest dieff (Potts, 1984Mikkelson et al., 2013¢impacts

on water quality are unclear. Here, water quality data sets from-tma@aément facilities in



Colorado were analyzed to determine if the municipal water supply has been perturbed as a
result of tree mortality. Resultsmenstrate higher total organic carbon (TOC) concentrations
along with significantly more DBPs at watieeatment facilities using mountain pine beetle
(MPB)-infested source waters when contrasted with those using water from control watersheds.
In additionto this differentiation between watersheds, DBP concentrations demonstrated an
increase within MPB watersheds related to the degree of infestation. Disproportionate DBP
increases and seasonal decoupling of peak DBP and TOC concentrations further thaggests
TOC composition is being altered in these systems.

5.1 Results and Discussion

The mountain pine beetle (MPBgndroctonus ponderospmfestation has reached
epidemic proportions and is generating growing concern for regional water resourdé@fievith
known about potential impacts. In the Rocky Mountains, warmer winter minimum temperatures
and persistent drought conditions have contributed to an ongoing MPB efidaffacet al.,

2008 that has affected more than 4 million acres of lodgepolefprasts in Colorado and

Wyoming (Figure 1.1)Changes in hydrology following baibeetle infestation such as

decreased interception, increased erosion and particulate traiidptsthet al, 2009,

increased soil moisture and increased radiation to the fores{fliddeelson et al., 2013acan

leadto altered degradation and transport of soil organic matter in both particulate and dissolved
forms(Dai et al, 200])). Total organic carbon (TOC; which is comprised of particulate and
dissolved organic carbon) increases have been observed across large areas of the northern
hemisphere, and while there is no scientific consensus on the driving mechanisms of increased
TOC a number of different factors have been proposed including changes in acid deposition
(Monteithet al, 2007, variability in climatéLepistoet al, 2009, and laneuse changes

(Findlay et al., 20011 We propose that the recent bark beetle epidemic is another mechanism that
may alter TOC loading and composition in surface and groundwaters.

Changes in TOC @racteristics and increased loading can lead to human health concerns
as humic and fulvic fractions of natural organic matter (NOM) have been correlated to the
formation of disinfection byproducts (DBPs), such as trihalomethanes (THMs, known
carcinogens)Juring chlorinationRook, 1974 Babcock and Singer, 1978ikolaou and Lekkas,
2001). Hence, the potential for exceedance of regulatonydjrhuman health impacts, and

increased treatment costs are potential concerns for water treatment facilities associated with



barkbeetle infested watersheds. The objective of this study was to collect and analyze archived,
publically available water qlity data from water treatment facilities located in the Rocky
Mountain region of Colorado. Water quality data was compared betweenrvézBd
watersheds and regionally analogous facilities located in watersheds that did not experience the
same degreefd1PB infestation (control watersheds).

Archived water gality data was collected from nine different treatment plants in
Colorado, which included four control (Aspen, Carbondale, Glenwood Springs and Gypsum) and
five MPB-impacted facilities (Kremmling, Steamboat Springs, Winter Park, Dillon and Granby).
The average level of infestation at the control sites about a quarter (0.8 £ 0.2 trees killed/hectare
) that of the MPBimpacted sites (3.0 £ 0.8 trees killed/hectare) and sites were as geographically
similar as the avkable data would allow (Table.5). Mosttreatment facilities collect their water
from surface water sources; however, Winter Park and Dillon primarily use a groundwater

Table 51 Temporal trend analysis of TOC and TTHM concentrations from 2004

2011 for MPBinfested sites (grey rows) and control sites (white rows). The Mann
Kendall test was run for all quarterly averaged data at a 5% significancé€!level

0.05)
Analyt MPB/ Significant,
Tne?st):ag Control P-value IB(;r(:erani é)’;
TOC Control <0.001 yes.e
TTHM Control 0.65 No.s
MPB 0.008 yes >

supply while Carbondale, Aspen and Steamboat Springs use both groundwatenfacel water
supplies (Table AL Water quality samples were collected and analyzed by the treatment
facilities in quarterly intervals inompliance with EPA standardized procedyEs2A, 19%B)

and spans the years of 262411, during which the impacted lodgepole pine forests experienced
heavy MPB infestation. While facilities weamalyzed individually (Table A2trends were

more significant due to larger sample sizes when analyzedrasija {.e. MPB or control) and

thus aggregated results will be presented.
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Petween 2004 through the third quarter of 2011 In parallel to increased TOC

concentrations, higher DBP concentrations were obgarvMPBinfested watersheds when
contrasted with control watersheds (FigbreB, C) with a nearly tefold difference between

median concentrations. Means for both the sums of five haloacetic acids (HAA5) and total
trihnalomethanes (TTHM, four trihalortteanes) were significantly different between MPB
watersheds and control watersheds (p < 0.0001). There were no significant differences in either



of the DBPs when contrasting impacted groundwater and susfaie® sources and treatment
methods.

In light of the larger TOC concentrationsdasubsequent DBP formation in MPB
infested watersheds when compared to control watersheds, we conducted a temporal analysis of
water quality data to assess possible correlations during infestation progression. While the
significant differences betweenfa@sted and control watersheds are interesting, and despite
attempts to establish represeatcontrols (Table AlFigure 52), there are possible site
specific factors incidental to babeetle infestation such as soil and hydrological flow paths that

might also account for differences observed. For this reason, we chose to further investigate
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Figure5.2 Soil and land type classifications. A soil texture map of the topsoil for each watershe

the respective treatment facilities located in that watershed. In the bottom table % developed includes
urban, residential commercial and industrial areas hbdeaiated treatment facility names are in
parentheses where: C = Carbondale, A = Aspen, G = Gypsum, K = Kremmling, WP = Winter P:

= Granby, GS = Glenwood Springs, S = Steamboat Springs, and D = Dillon, and <Null> in the sail
texture classification mans there was no data available for that area. Average % organic matter (OM)
was calculated by taking the %OM for each area unit within each watershed and then calculating the
average for the entire watershed.



infested watersheds separately from the controls and found significant temporal trends within
infested catchments that further support our hypothesis.

Quarterlyaveraged concentians of TOC and TTHM (Figures 5.3A an®B
respectively) are depicted for MABIpacted and control facilities from 2004 to 2011. Using the
Mann-Kendall test to include the seasonal fluctuations in TD&wvsonet al, 200§ and thus
DBP concentrationst was found that averaged quarterly TTHM concentrations have increased
significantly since 2004 in MPihfested watersheds while TOC concentrations havérigure
5.3B and 5.3D, Table.b). However a posite trend was observed (Figure 5.3, Tahlb &where
TOC appears to begin increasing after 2007, shortly after the major initial infestation, reaching
an average of 3.5 mg/l approximately four years later (a 40% increase from 2004 with an average
increase of 0.04 mg/l per year). TTHM concentratiofisioa more pronounced trend (an
average increase of 2.05 ug/l per year), reaching a mean value of around 70 ug/l (with individual
facilities experiencing concentrations as high as 111 ug/l in the third quarter) followed by a slow
decline. Recently, itds been found that modest increases in TOC can be equated more dramatic
shifts in NOM characteristiogdVorrall and Burt, 200Bwhich may explain the observed trends.

Increased TOC concentrations in watersheds can be associated with increased
precipitation(Hongveet al, 2009, and increased temperatures have been associated with
increased DBP formation potent{®eborde and Von Gunten, 2008However, annual
precipitation and temperature do not exhibit increasing trends and thus do not explain the
observed TOC trends (Figure Al). Importandig,increasing trend was not observed in the
TOC and TTHM values at control facilities (with an average decrea®e0&f mg/l per year and
-0.3 ug/lper year respectively; Figure 5.3B an8[3) from 2004 to 2011, further highlighting
the significance of #hobserved trends in impacted watersheds.

We further analyzed the TOC and TTHM data by quarters (Figure 4.3A and 4.3C).
Interestingly, in the MPBmpacted catchments, maximum TTHM concentrations were generally
associated with the third quar{@uly BDSeptember), while maximum TOC concentrations were
generally reported in the second quarter (Apdune). This seasonal trend differed from the
control catchments where both TTHM and TOC concentrations were highest during the high
streamflow moths (second quarter), signifying that a factor other than temperature and
precipitation was influencing TTHM and TOC concentrations.
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Figure5.3 Seasonal shifts and trends in TOC and TTHM concentrations in analyzed water treatment facilities. Quarterly avers
20042011 in MPBimpacted and control facilities of a.) TOC and c.) TTHM. The change in variance after decomposition for the
MannKendall tests is shown for b.) TOC and d.) TTHMs. In 3c, a regulatory TTHM limit of 80 ug/l is shown for reference and a
dashed line connects data points to depict seasonal trends. For clarity of presentation, additional statistical an&lteisveits

4 3a and4.3c canbe found in Table A5.
!
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Higher TTHM concentrations in the late summer rather than in the spring runoff
(when TOC is at a maximum) for MPBipacted watersheds could be explained by
different hydrologic flow path dynamics during the daw season. THM and HAA
formations are duetthe chlorination of aromatic and aliphdticlicarbonyl moieties
within NOM. 1,3dihydroxyaromatietype structures dominate the hydrophobic (humic
and fulvic acids) fractions of NOM and are known precursors of TEMisg and Son,

2008 while aliphatic! -keto-acidtype structures residing in the hydrophilic fraction are
known precursors for HAA@®ickensonret al, 2009. Humic and fulvic aids have been
shown to dominate the later stages of runoff in lodgepole pine f¢¥&stdt and Fahey,
1986 Beggs and Summers, 2Q1hus imparting higher TTHM concentrations despite
lower TOC levels. Because it hasgm shown that the hydrophobic proportions of TOC
are higher in the lovilow seasor(Hyung Kim and Yu, 2005(typically the third quarter

in semtarid regions ofNorth America), it would be insightful to determine if there is a
resulting higher TTHM formation potential. This could be of particular concern as
modeling(Mikkelson et al., 2013dand field resultgPotts, 1984Pugh and Small, 20]1
have demonstrated an increase in the duration ofltoms in impacted watersheds.

With the major increase in TTHM occurring around 2008, we compared the
yearly waterquality data before and after 2008, approximatelyygars after the MPB
infestation began in the majority of watersheds in Colorado. It has been shown that after
a tree becomes infested with beetles it can take betwBemears for the needles to drop
on the forest floo(Klutsch et al., 2000 Hence, it stands to reason that a shift in the TOC
concentrations in the water supply might occur around-2008, corresponding to
maximized forest floolitter, increased degradation of downed litter, and the largest
hydrologic changes.

Table 5.2 shows the range of TOC and TTHM values in MPB watersheds grouped
before and after 2008. TOC concentrations are significantly larger (p=0.01) since 2008,
while TOC concentrations in control watersheds are significantly smaller (p < 0.04) since
2008. An analogous trend can be observed for TTHM concentrations when contrasting
MPB-infested watersheds with control watersheds (p < 0.04). In contrast, no significant
difference in HAAS concentrations in either MiBpacted or control watersheds was
observed.
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Table 52 Comparison of TOC and DBP concentrations before and after 2008 betweemfdf8d sites
(grey rows) and control sites (white rows). The mean fipoe2008 spans the years 2004 through 2008
and the mean po&008 spans the years 2009 through the third quarter of 2011. TheWlatmey tests
are at a 5% significance level € 0.05) ; n and 3 give the number of samples before 2008 and after
2008, espectively Actual value is 0.002.

Analyte MPB/ Mean Pre-
Tested Control P-value 2008 Mean Post2008 ny, No
HAAS Control 0.84 6.7 6.6 104, 75
MPB 0.22 28.8 26.3 106,92
TTHM Control 0.97 10.9 10.2 104, 75
MPB 0.04 28.8 37.6 109, 92
TOC Control 0.04 0.70 0.62 250, 191
MPB 0.01 2.5 2.7 216, 227

Interestingly, while differences were observed between the impacted and control sites
with respect to both DBPs (kige 5.1B, 51C), only TTHMs were observed to increase
temporally in MPB watersheds. The cause for this difference is uncertain, and it is possible that
NOM released as a result of MPB impact has a higher TTHM than HAAS formation potential.
Regardless of this uncentéy, our findings still reveal a significant temporal trend with regard to
TTHM in impacted watersheds. According to Beggal.(2011), after two months of
degradation, pine littdeachate becomes significantly more aromatic and hydrophobic and it is
possible that the transported TOC is in this stage of degradation. It has also been found that
clearcutting (an analogous process to bhdetle mortality with some notable differeage
results in the leaching of more aromatic organic méar et al., 200 It is possible that
similar mechanistic and hydrologic chasgoccur in a barkeetle infestation as do in clear
cutting forests; while not necessarily resulting in increased TOC flux, the characteristics of the
TOC could be altered inducing higher TTHM levels.

This study presents evidence of wageality impactdrom a climateinduced
phenomenon in the Rocky Mountain region of North America. The data provides evidence for
changing TOC concentrations and characteristics after-ta@e forest di®ff from beetle
infestations. Most notably this was observed agynificant increase in THM formation,

especially in late summer and early fall months; however, at present a similar concern is not



apparent for HAA formation. As the trees continue degrading and the hydrologic regime
changes, it will be interesting tdbserve whether the leachate characteristics change, such that
the organic material has a higher proportion of hydrophilic acids and thus HAAS formation
becomes more of a concern. Current EPA regulations stipulate that the yearly average of TTHM
must bebelow 80 ug/(EPA, 2010, and the present trend encroaches on this maximum
contaminant level (MCL) for two outf dour quarters in the impacted watersheds, where TTHM
levels are highest during th& guarter.

Current effects appear to be associated with a pulse of needle fall several years after
initial infestation, which is when hydrologic and biogeochemical gaamay be maximal;
however, the cumulative effect on water quality remains unknown as fractal residence times in
watersheds could create tailiftgollet and Maxwell, 2008that may minimize peak effects, but
lead to a longer duration of watguality impact. In the ensuing decade skeletal trees will begin
to fall and degrade while new vegetation will grow, and it is unclear what effect this sequence
may have on overall wat quality. With the changing climate altering ecosystem dynamics, and
in the case of barkeetles, expanding their influence, it is important that we add water quality to
the growing list of potentially adverse outcomes.
5.2 Methods
5.2.1 Source Watersnd Data Collection

Water quality data was publically available and collected from the Colorado Department
of Public Health and EnvironmentOs records or directly from the water treatment facilities. Data
from nine different treatment plants were used Whncluded four control facilities (Aspen,
Carbondale, Glenwood Springs and Gypsum). While some of the control watersheds have
experienced sma#cale infestation or are linked to areas of higher impact, the degree of impact
is modest when contrasted witle five MPBimpacted facilites (Kremmling, Steamboat, Winter
Park, Dillon andsranby; Figure 1.1 and Figure2). Barkbeetle infestation was determined
using ArcGIS to calculate the average number of trees killed by beetles per acre within each
watersted. Control watersheds were delineated by having approximately a quarter or less of the
degree of impact as MRitnpacted watersheds. Watershed characteristics and associated degree
of impact were determined using ArcGIS and aerial survey data condydieel USDA Forest
Service. All areas amaid to high elevation (Table Aland are located in the mountainous
regions of Colorado with similar soil and those characteristics (Figure2h



While Winter Park and Dillon primarily use a groundwater supply Carbondale,
Aspen and Steamboat use both groundwater and surface water supplies, the remaining water
treatment facilities receive the majority of their water freumface water sources (Table)Al
The treatment facilities use direct filtration (Cartale, Gypsum, Kremmling, and Dillon) or
flocculation/sedimentation followed by filtration (Glenwood Springs, Aspen, Granby and
Steamboat Springs), except for Winter Park, which only uses an ozonation system to treat their
water, and hence, does report T@@els. Flocculation/sedimentation can lead to higher TOC
removal than just direct filtration; however, minimal TOC was removed from Aspen and
Glenwood Springs treatment plants after flocculation and sedimentation (with an average loss of
0.07 mg/l for Apen and 0.27 mg/l for Glenwood Springs). For the impacted sites using this
treatment process, this is less of a concern as we still saw increases in THM levels despite
flocculation/sedimentation. Ozonation can also result in lower DBP concentratiomglban
treatment trains; however, Winter Park is the only facility to use ozonation and is located in an
infested watershed, which only increases the significance of the findings. Carbondale,
Glenwood Springs, Kremmling and Aspen all use chlorinatiompdepostreatment, while the
remaining five only chdrinate postreatment (Table Al

Starting in 2004, water treatment facilities in Colorado were required to submit quarterly
reports as a result of ERAstigated Stage 1 and Stage 2 Disinfectantdasidfection
Byproducts Rules for groundwater and small surface water sygidtds 1998. Sampling
frequency of DBPs and TOC differs depending on the size of the population the treatment
facility serves and whether or not the facility uses surface or groundwater. The quarterly reports
from 2004 to Summer 2011 were used for the statisticalais performed herein. Even though
some of the forests experienced infestation prior to 2004, the absence of data creates a defining
starting point for the data set. The water quality data includes TOC, TTHM (the mass
concentration sum of bromodichtomethane, dibromochloromethane, bromoform and
chloroform) with chloroform being the dominant THM in the data analyzed and five haloacetic
acids (HAA5; the mass concentration sum of monochloroacetic acid, dichloroacetic acid,
trichloroacetic acid, monobroraoetic acid and dibromoacetic acid) where dichloroacetic acid
and trichloroacetic acid are the dominant HAAs present in the analyzed data. Samples are
typically taken for TOC at the intake of the treatment plant. All of the facilities sample for DBPs

atthe maximum residence time distribution point as is required for most facilities via EPA



standard§EPA, 2010. There is a gap in all facilitiesO TOC data from April 2006 to June 2007
for unknown reasons.

Colorado average monthly precipitation and temperature data fror22004was
evaluated for atypical years. None were found. An example areaOs climaticarebegound
in supplementary Figure Al.
5.2.2 Analysis of Water Quality Data

The quarterly reports from 2004 to Summer 2011 were used for statistical analyses. The
MannWhitney nonparametric test was used to compare mean TOC, mean TTHM and mean
HAAS concentrations in MPB infested watersheds versus control watersheds as the distributions
were skewed left due to sample values of zero. Data were delineated quarterly and analyzed for
seasonal differences by averaging each facilityOs quarterly datarfoyear (2002011) and
comparing it to the yearly average. The standard EPA sampling quarters were used and are
defined as follows: Q1 = JanuadMarch, Q2 = AprilbJune, Q3 = Julp September, Q4 =
OctoberbDecember.

The seasonal ManAKendal norparametric test was used to analyze temporal trends
associated with TOC and TTHM data for both MPB and infested data sets as it is typically used
in trend analysis for hydrologic variables with a seasonal depen(featal and Kahya, 2006
In the TOC quarterly data sets, the missing data was interpolated by averaging two measured
values before and after the missing data point. The time series was then decomposed so that the
trend and seasonality in thetda@ould be extracted. The MaKendall test was then run on the
trend component of the time series to determine whether KendallOs tau was significantly different
from zero, which would indicate a trend.

The MannWhitney nonparametric test waaso used to assess mean TOC, TTHM and
HAADS values before and after impact of all individual water treatment facilities and of binned
control and MPBinfested facilities. A temporal comparison of before and after 2008 was
conducted to determine how maysars it took post infestation to see an increased TOC flux due
to maximized forest floor litter. All pr2008 data was averaged and compared to averaged post
2008 data. The year of 2008 was chosen as the delineation between high and low concentrations
of TOC and TTHMs as the MariKendall trend analysis showed an increasing trend in both

analyteseginning around 2008 (Figure 5.3B and 5.3D).



CHAPTER 6
CONCLUDING REMARKS

This research addressed how a bark beetle epidemic will impact hydrological and
biogeochemical cycles in forested watershedsekperience largecale mortality. Whiléhe
research presented fseson hydrological and biogeochemical changes during a mountain pine
beetle infestation in lodgepole pine forests, the overarching conclusanbe applicable to
analogous beetlmfested watersheds found in forested regions throughout the (nerldlsia
and Europe)While this section will not repeat all of the individual conclusions found from each
study presented, it will descrilleoaderconclusions generated from this researchapdtential
future direction for this research.

Bark beetle infestations have reached epidemic proportions in thégeasklue to
changing climatic factors. Changes to the climatgegdictedto intensifyfuture outbreakslue
to warming temperatures, changing precipitation regimes and drought(sites<t al., 2010
Maness et al., 2012Villiams et al., 2012Raffa et al., 2013 forever altering the forested
watersheds. As these forested regions adapt, their local hydrology and biogeoch&mistry
expected tewhange. The hydrologicatodeling study presented héf@hapter 3suggests that
impacted watershedsill experiencean increase in snowpack, especially after thes tieese
their needles. Recefield studies have seen variable changes to snowpack that are more
dependent on wind relocation and latityiénkler et al., 2010Pugh and Small, 2011
Biederman et al., 20)2whichsuggests that these adaiital variables also need to be
consideredThe modeling study also saw variable changes to evapotranspiration dependent on
competing components such as decreased transpiration and increased ground evaporation. Lastly,
increased soil moisture was obseradigr beetle infestation and the magnitude of that increase
was dependent on season. The results of this steelppbasize how different climatic and
geographic factors can influence observations in bark biegpiacted watersheds.

Shifting hydrologic fators and alterations to biogeochemical inputs in baeetpacted
watersheds will combine to impact local and possibly regional water quéliti. changing
dissolvedorganic carbon inputs, we have also observed the probability of increased metal
mobility and accumulation (specifically Zn, from the leaching and degradation of pine needles)
beneath beetlkilled trees as was simulated in laboratory column experiments and field samples



(Chapter 4). It is still unknown if the increased metal concentratidheengeen in adjacent
surface and groundwaters as sorption and hydrologic flow paths can hinder metal migration.
Along with changes to metal concentrations, vave shown adverse impacts to water quality at
water treatment plants located in pine begtipacted areas as terrestrial organic carbon igput
the forest floor is altered (Chapter 5). Whether or not these phenomertmseeved across
various landscapes with differing climatic, hydrological and botanical features is yet to be
addressed.

As thisresearch has observed specific changes to baeétlted forests such as changes
to organic carbon cycling and increased soil moisture and temperatures, it is likely that
subsurface microbial communities are playing a large role in the regulating golthigeof
organic carbon. It would be very insightful to determine how the&sgeochemicafactors are
combining to alter the subsurface microbial assemblage beneathlkedi¢rees, and in turn,
how the microbial communities are adapting and altesnggnic carbon degradation and
composition. Microbial community structure and its contribution to carbon degradation,
particularly as it relates to selective pressures exerted by a changing biogeochemical
environment after largscale tree mortality, isat well understood. Research in this area would
further thelink between observed human health issues at water treatment facilities located in
bark beetlanfested watersheds with the underlying microbial communities and processes that
are altering carboimput to water treatment facilitiess well as set a foundation for

understanding other potential carbon budget changes to the hydrosphere and atmosphere
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Appendix 1: Additional Tables and Figures
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Figure A3DOC concentrations and associated error bars from duplicate column experiments.
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Figure A4 Effluent pH and N@values throughout the experimental duration in the PNT (A,C
respectively) and RW (B,D respectively) columns.



Table A1 Water treatment facility information.
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All nine different water treatment facilities and their respective watershed characteristics and treatment processeés are list
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Table A2 Individual treatment facility statistical analysis.

MPB/ Mean Pre- Mean Post-
Location Control Analyte Increase? 2008 2008 P-value
Steamboat MPB TOC yes 2.4 2.6 0.06
TTHM yes 33.8 40.6 0.96
HAA5 yes 39.6 43 0.54
Kremmling MPB TOC yes 2.6 2.8 0.002
TTHM yes 22.8 26.5 0.58
HAA5 yes 15.6 26.2 0.04
Dillon MPB TOC yes 11 14 0.05
TTHM no 23.4 18.3 0.26
HAA5 no 18.2 9.5 0
Granby MPB TOC yes 2.7 2.9 0.29
TTHM yes 32.8 38.44 0.3
HAAS5 no 28.6 10.7 0.015
Winter Park MPB TOC NA NA NA NA
THM yes 30 48 0.01
HAA5 no 34.4 25.5 0.12
Aspen Control TOC no 0.51 0.51 0.72
TTHM no 12.2 11.6 0.97
HAA5 yes 8.65 9.94 0.86
Carbondale Control TOC no 0.45 0.05 0
TTHM yes 5.54 7.2 0.21
HAAS5 yes 1.71 3.36 0.001
G. Springs Control TOC no 11 11 0.6
TTHM yes 225 25.1 0.61
HAA5 yes 17.4 19.4 0.25
Gypsum Control TOC no 0.7 0.42 0.006
TTHM no 8.43 6.89 0.57
HAA5 no 2.83 14 0.82

Mann-Whitney tests run on each individual treatment facilityOs data (TOC, TTHM and HAA5)
from 20042011. A pvalue of zero indicates a value less than 0.0001. ONAO represents
unavailable data.



