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ABSTRACT 

Warming climates and extended droughts enabled mountain pine beetle populations to 

grow and impact larger areas, as observed during the 2008-2013 widespread epidemic in the 

Rocky Mountain region, USA. After the decline in mountain pine beetle populations, spruce 

beetle populations were the most widespread and destructive forest pest in Colorado for the 

fourth successive year (2011-2015). In mountain pine beetle impacted areas, tree death occurs an 

average of three years after the initial infestation. In this short period of time the trees stop 

transpiring, defoliate, and die. The rapid drop of pine needles to the forest floor, and subsequent 

decomposition of needles, increases organic carbon availability and releases metals. While 

column experiments and tree scale studies have begun to elucidate changes in metal cycling with 

mountain pine beetle infestation, questions still exist regarding the watershed scale response to 

these perturbations. This work focuses on the post beetle infestation shifts in metal input, 

storage, and export at the watershed scale by investigating 1) control of tree type and pine beetle 

infestation stage on shifts in metals leached from needles, 2) watershed scale shifts in metal 

storage and export with increasing severity of pine beetle infestation, and 3) control of forest 

composition and severity of beetle infestation on exported metals through reactive transport 

modelling. 

Needle leaching studies were used to determine how changes in forest composition and 

severity of pine beetle infestation would alter the input of metals and organic carbon into the 

forest floor. Lodgepole pine and engelmann spruce needles were sampled to compare their 

individual potential organic carbon and metal contributions to soils. Generally, spruce needles 

released more dissolved organic carbon and metals than pine needles. Additionally, pine needles 

from infested trees leached more dissolved organic carbon and metals than from healthy pine 
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trees. Greater amounts of metals leached from spruce needles compared to pine needles could 

mask changes in metal loadings as a result of increased mountain pine beetle infestation and pine 

tree mortality. Additionally, increased spruce tree mortality as a result of increased spruce beetle 

infestations could lead to more severe changes in water quality. Analysis of watershed metal 

storage in soils and effluent metal concentrations revealed a lack of correlation between severity 

of pine beetle infestation and metal storage and export. The lack of correlation was the result of 

heterogeneity between individual soil sampling sites and that within the studied watersheds pine 

and spruce were equally dominant resulting in a dampening of the signal from increased pine 

needle litter by the presence of spruce needle litter. To investigate the control of forest 

composition (pine versus spruce) and severity of pine beetle infestation on effluent fluxes of 

Al3+, Cu2+, and Zn2+, we used a two-dimensional reactive transport model with varied infiltration 

solution composition which represents a range of forest types (pine versus spruce) and degrees of 

beetle infestation (0-100% areal infestation). Our results demonstrate that changes in effluent 

metal fluxes are not only controlled by increasing tree mortality but also by the dominant tree 

type.  
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CHAPTER 1 

INTRODUCTION 

 As a result of increased temperatures and drought from climate change, bark beetle 

infestations are increasing in severity and duration. Relatively recent outbreaks of the mountain 

pine beetle killed an unprecedented number of lodgepole pine trees in the Rocky Mountain West, 

with some watersheds reaching 100% tree mortality (Raffa et al. 2008) and over 50000 km2 

forests infested in both the western US and British Columbia with nearly 12000 km2 of 

lodgepole pine forest impacted in Colorado alone. A subsequent spruce beetle outbreak in 

Colorado has infested about 7000 km2 of engelmann spruce (Meddens et al. 2012; Huber et al. 

2004; Tokuchi et al. 2004). These widespread bark beetle outbreaks yield high tree mortality 

resulting in increased litter depth in infested watersheds (Klutsch et al., 2009; Griffin et al., 2011) 

as beetle-killed trees drop the majority of their needles at faster than the typical annual litterfall 

as they progress from green to red and finally grey phases of the outbreak, named for the needle 

color as the tree dies (Safranyik and Carrol, 2006). 

The purpose of this dissertation is to explore how the changing geochemical inputs during 

a mountain pine beetle infestation will impact watershed metal storage and export in the Rocky 

Mountain West. These three papers help to develop a better understanding of watershed scale 

metal storage and export responses to increased severity of pine beetle induced tree mortality in 

addition to potential implications of spruce beetle infestations. Changes in metal storage in soils 

have been observed to correlate with pine beetle infestation at the tree stand scale (Bearup et al., 

2014a) but watershed scale changes in metal storage have not been assessed. Chapter two 

explores the differences in leachate chemistry of lodgepole pine versus spruce needles in addition 

to how needle leachate chemistry might be altered throughout various phases of mountain pine 
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beetle infestation. The purpose of this chapter was to assess how forest composition and presence 

of pine beetle infestations would control the amounts of metals introduced into forest floors. 

With an understanding of the metal loading dynamics, changes in watershed metal storage and 

export with increasing severity of pine beetle infestation was investigated to assess possible 

implications to effluent water quality. Here, similar watersheds with 41-98% areal extent of 

infestation and equal parts lodgepole pine and engelmann spruce were selected for soil and 

surface water sampling. Finally, chapter 4 explores how the export of Al3+, Cu2+, and Zn2+ 

changes with a range of forest compositions (pine versus spruce) and areal extent of bark beetle 

infestation through the development of a two-dimensional hillslope reactive transport model, 

which considered surface exchange, inorganic complexation, and organic complexation as the 

geochemical processes controlling metal mobility.  
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CHAPTER 2 

NEEDLE DECOMPOSITION AS A SOURCE OF CARBON AND METALS 

TO BARK BEETLE IMPACTED WATERSHEDS  

 

Abstract 

 Rapid changes in tree mortality rates, such as those induced by bark beetle infestations 

may have long lasting impacts on geochemical and hydrological processes within affected 

watersheds. Warming climates and extended droughts enabled mountain pine beetle populations 

to grow and impact larger areas, as observed during the 2008-2013 widespread epidemic in the 

Rocky Mountain region, USA. After the decline in mountain pine beetle populations, spruce 

beetle populations were the most widespread and destructive forest pest in Colorado for the 

fourth successive year (2011-2015). In Rocky Mountain watersheds impacted by the mountain 

pine beetle, tree death occurs an average of three years after initial infestation. In this short 

period lodgepole pine trees stop transpiring, defoliate, and die resulting in rapid deposition of 

pine needles to the forest floor. Needle drop and decay on the forest floor is an important source 

of potentially increased dissolved organic carbon and metals to beetle impacted watersheds. 

Three catchments in Colorado (Keystone Gulch, Herman Gulch, and Deer Creek) were selected 

for pine/spruce needle sampling to compare their individual potential organic carbon and metal 

contributions to soils. Generally, spruce needles released greater amounts of dissolved organic 

carbon and metals than pine needles, which has important implications for watershed responses 

to present and future spruce beetle outbreaks. 

2.1 Introduction 

 Warming due to climate change has the potential to alter many coupled processes in 

natural systems (Snyder et al., 2004; Sitch et al., 2005; Bala et al., 2007); a full understanding of 
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which is needed to accurately assess the impacts of climate change on water resources and forest 

health (Arnell, 1999; Piao et al., 2006; Bonan, 2008). Infestation of pine forests by mountain 

pine beetles (MPB; Dendroctonus ponderosae), a type of bark beetle, can alter hydrologic and 

geochemical processes in mountain watersheds (Safranyik, 1971; Amman, 1972; Knight et. al., 

1985; Beudert et al., 2007; Sibold et. al., 2007; Raffa et. al., 2008; Clow et. al., 2011; Collins et. 

al., 2011; Pugh and Small, 2011; Adams et. al., 2012; Anderegg et. al., 2012; Biederman et. al., 

2012; Collins et. al., 2012; Brown et. al., 2013; Hubbard et. al., 2013; Maness et. al., 2013; 

Mikkelson, et. al., 2013a; Mikkelson, et. al., 2013b; Mikkelson, et. al., 2014; Pugh and Gordon, 

2013; Rhoades et. al., 2013; Bearup et. al., 2014a; Bearup et. al., 2014b; Wehner and Stednick, 

2017). Other species of bark beetles, such as the spruce beetle (Dendroctonus rufipennis), may 

also change forest composition enough to alter these processes; the extent of which is unknown. 

 In the sub-alpine forests of Colorado (i.e., above ~2750 m), characterized mainly by 

engelmann spruce (Picea engelmannii), subalpine fir (Abies lasiocarpa), quaking aspen (Populus 

tremuloides) and lodgepole pine (Pinus contorta) (Peet, 1988), bark beetle outbreaks are 

typically localized and result in minimal tree mortality in affected watersheds; however, warming 

climates and extended droughts have enabled them to impact larger areas and for greater 

durations (Safranyik and Carroll, 2006). Relatively recent outbreaks of the MPB killed an 

unprecedented number of lodgepole pine trees in the Rocky Mountain West, with some 

watersheds reaching 100% tree mortality (Raffa et al. 2008) and over 50000 km2 of infested 

forests in both the western US and British Columbia with nearly 12000 km2 of lodgepole pine 

forest impacted in Colorado alone. A subsequent spruce beetle outbreak in Colorado has infested 

about 7000 km2 of engelmann spruce (Meddens et al. 2012; Huber et al. 2004; Tokuchi et al. 

2004). These widespread bark beetle outbreaks yield high tree mortality leading to increased 
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litter depth in infested stands (Klutsch et al., 2009; Griffin et al., 2011) as beetle-killed trees drop 

majority of their needles at faster than the typical annual litterfall as they progress from green to 

red and finally grey phases of the outbreak, named for the needle color as the tree dies (Safranyik 

and Carrol, 2006). 

 Once trees drop their needles, needle decomposition on the forest floor releases organic 

carbon and metals to the soil profile at variable rates (Berg and Ekbohm, 1993; Berg and 

Laskowski, 1997; Preston et al., 2009) either through mechanical leaching or decomposition by 

soil organisms (Berg and Laskowski, 1997). Much of the released C will accumulate in soil, be 

taken up by new forest growth, or be transported to surface or groundwater (Clow et al., 2011). 

Metal concentrations may also increase from needle leaching, as needles can bioaccumulate 

heavy metals (King, 1984; Kabata-Pendias and Pendias, 2001; Kord et al., 2010). Factors that 

influence the fate of metals and C from needle leachate include the amount and type of organic 

matter (organic ligands), inorganic ligands, and the concentrations of metals (Sposito, 1989; 

Singer, 2006). However, at what rate and the relative amounts of various elements released from 

different types of coniferous needles is poorly understood. Thus, it is difficult to predict how 

single bark beetle infestations or dynamic shifts in forest composition after a bark beetle 

outbreak translate to changes in water and soil chemistry. In sub-alpine forests, which are 

particularly susceptible to climate change (Beniston, 2003), lodgepole pine and engelmann 

spruce populations experience bark beetle outbreaks. An understanding of the role that needles 

from these trees play in short and long term impacts to soil and water quality resulting from 

increased litter deposition in beetle impacted watersheds is needed to fully understand the 

impacts of climate change on forest watersheds and ecosystems. 

 In soils, inorganic and organic ligands can affect the interactions between metals and 
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sorbents and may either enhance or inhibit metal retention by soils. The influence of a ligand on 

the retention of metals depends on concentrations and the strengths of interactions between the 

metal, ligand, and sorbent (Violante et al., 2008; Violante, 2013). Recent findings suggest that 

total organic carbon concentrations and characteristics (specifically the relative fractions of 

hydrophobic and hydrophilic material) are altered as a result of the MPB epidemic (Mikkelson et 

al., 2013b). The hydrophobic fraction of organic carbon consists mostly of acidic products 

formed from lignin degradation (Guggenberger et al., 1994) and consequently contains aromatic 

and reactive moieties (Qualls and Haines, 1991). Beggs and Summers (2011) observed that the 

longer pine needles from bark-beetle infested trees degrade the more hydrophobic the dissolved 

organic carbon (DOC) released becomes. Changes in the character of DOC can alter its metal 

binding capacity as the hydrophobic and hydrophilic fractions have different metal binding 

capacities depending on the size fractionation and source of the organic matter (Han and 

Thompson, 1999). Hydrophobic and hydrophilic fractions of organic matter also sorb differently 

to soil, typically the hydrophobic fraction has a stronger affinity for soils and is preferentially 

adsorbed (Dunnivant et al., 1992; Baken et al., 2011). Overall, it is important to consider the 

characterization of DOC leached from degrading needles as its transport and metal-binding 

capacity depend largely on the fractionation between hydrophobic and hydrophilic proportions. 

Specific ultraviolet absorbance (SUVA) values, calculated as the ratio of ultraviolet light 

absorbance at 254 nm to the concentration of DOC, correlate with aromaticity and 

hydrophobicity of dissolved organic matter: the higher the SUVA the higher the aromaticity and 

hydrophobicity (Weishaar et al., 2003; Swietlik and Sikoroska, 2005). 

 Here DOC, SUVA, select anions, and select metals of Keystone Gulch, CO (KG) 

lodgepole pine and engelmann spruce needle leachates are assessed through 48 h leaching 
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experiments in order to develop a better understanding of their independent potential 

contribution to soil chemistry in catchments impacted by bark beetles. Similar 48 h leaching 

experiments were conducted on KG and Deer Creek (DC) engelmann spruce needles to assess 

how consistent chemical characteristics of needle leachates were between different watersheds. 

Finally, three separate leaching experiments were performed on green, red, and grey phase 

Herman Gulch (HG) lodgepole pine needles at different lengths of time to mimic contact 

between needles in standing water, such as might be observed during precipitation events in an 

MPB infested lodgepole pine forest, to quantify the change in leachate composition from green 

to red to gray to constrain the potential impact of MPB infestation on soil chemistry. 

2.2 Methods 

2.2.1 Study Area and Sampling 

 Three study areas in Colorado were selected for sampling: Keystone Gulch (39.60° N, 

105.98° W), Deer Creek (39.56° N, 105.86° W), and Herman Gulch (39.40° N, 105.51° W) 

(Figure 2.1). Samples of lodgepole pine and engelmann spruce needles were collected in the 

Keystone Gulch (KG) catchment from medium-sized (~10 m tall and 30-50 cm diameter at 1.5 m 

height) green phase trees from the tops (TD) and bottoms (BD) of the drainage. The spruce 

needles were ~2 cm long and the pine needles were ~4 cm long. Samples of engelmann spruce 

needles were collected in the Deer Creek (DC) catchment. In DC, bedrock is more mineralized 

(all sample locations lie within the Colorado Mineral Belt, a gold and silver mining district) and 

spruce trees dominate the conifer tree populations. Samples of lodgepole pine needles were 

collected near Herman Gulch (HG) trailhead on the eastern side of the continental divide. At HG, 

pine needles from three green (healthy), three red (infested), and three gray (dead) lodgepole 

pine trees were collected and processed using the same methods as the KG and DC needles. 
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Needles from each phase of MPB infestation were collected to examine differences, if any, of 

contributions from pine needles to soil pore water in the three main phases of MPB infestation. 

All needles sampled were taken from the ends of the lowest branches of each tree (new growth), 

placed in sterile Whirl-PakTM bags, and air dried in the laboratory prior to leaching experiments. 

 

 

Figure 2.1. Map of Colorado with close-up of Herman Gulch, Keystone Gulch, and Deer Creek 
sampling areas. 
 

2.2.2 Needle Leaching Method and Sample Analysis 

 Pine and spruce needles were leached in triplicate using a method modified from Beggs 

and Summers (2011). Needles from KG and DC were leached in 250 mL amber glass bottles at a 

concentration of 10 g dry-needles/ 1 L doubly deionized (DDI) water and green, red, and gray 
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phase needles from HG were leached at a concentration of 12.5 g dry-needles/ 1 L DDI water. 

Bottles containing KG, DC, or HG needles were placed in a covered reciprocating water bath at a 

constant temperature of 35 C° and a rotation speed of 30 rpm for a period of 48 hours after which 

samples were decanted and filtered (0.45 μm nylon Fisherbrand syringe filter) for analysis. 

 Additionally, with separate samples of HG needles (green, red, and gray phase), 21.5 g 

dry-needles/ 1 L DDI water were placed in a stainless-steel brew basket (Republic of Tea, 

Novato, CA). Each brew basket was placed in an acid washed glass beaker containing 400 mL of 

DDI water. These nine reactors were placed in an oscillating water bath at a constant 15 C°. Two 

lamps containing UV spectrum bulbs were placed over the water bath to simulate sunlight. The 

HG lodgepole pine needles underwent four consecutive leach increments using a repeating 

process (two hour leach increments over 8 hours and four hour leach increments over 16 hours). 

At the end of each leach increment, each brew basket was transferred to a new beaker with fresh 

DDI water in the water bath system. Leachate from each leach increment was filtered (0.45 μm 

nylon Fisherbrand syringe filter) prior to analysis. 

 For each leaching experiment one aliquot of the filtered samples was acidified with trace 

metal grade nitric acid for analysis by ICP-AES according to EPA Method 200.7. Measurements 

of DOC were run on HCl acidified aliquots of the leachate following Standard Method 5310 

(APHA, 2005) utilizing a Shimadzu TOC-Vcsh analyzer with autosampler. Measurements of 

anions were run on aliquots of the leachate according to EPA Method 300.0. Statistical analyses 

were carried out using R 3.3.3 software (RDevelopment Core Team, Vienna, Austria). 

2.2.3 Mann-Whitney U test and Spearman Correlation Coefficients 

 Two methods of statistical analysis were applied to needle leaching results: Mann-

Whitney test and Spearman correlation. The Mann-Whitney U test was used to test the null 
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hypothesis that two samples come from the same population (i.e. have the same median) and 

whether observations in one sample tend to be larger than observations in the other (Nachar, 

2008). This test was used to assess significant differences in geochemical parameters between 

tree type, tree position along drainage (top versus bottom of drainage), phase of needle (green, 

red, or gray) and leaching time of needles. The correlation between non-parametric variables was 

examined using Spearman rank correlation coefficients. This correlation coefficient takes into 

account only the ranks of the observations and measures the degree of monotonic (increasing or 

decreasing, but not necessarily linear) association between two variables (Clarke and Ainsworth, 

1993) and was used to assess whether or not metals or anions were significantly correlated with 

DOC or SUVA values. As is well known, correlation should not be confused with causality, 

because many different causal relationships can correlate the same pair of variables. Although it 

is clear that correlation networks are not the same as the underlying causal networks, correlation 

is still informative about the underlying system. For our purposes, ranges of correlation 

coefficients represent very strong (1-0.8), strong (0.79-0.6), moderate (0.59-0.4), weak (0.2-

0.39), and very weak (0-0.19). 

2.3 Results 

2.3.1 Variations of needle leachate between lodgepole pine and engelmann spruce 

 For assessing differences in leachate chemistry between engelmann spruce (n=29) and 

lodgepole pine (n=20) needles, we collected both types of needles from KG. After 48 h, leached 

KG needles yielded DOC and SUVA values ranging from 4 – 20 mg/g needles DOC and 0.35 – 

1.3 L/mg m SUVA for lodgepole pine and 13 – 66 mg/g needles DOC and 0.51 – 1.4 L/mg m 

SUVA for engelmann spruce (Figure 2.2, Table A.1). The differences in DOC and SUVA values 

between engelmann spruce and lodgepole pine needles were statistically significant (Mann-
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Whitney, all p<0.10, Table A.2) and were significantly greater for spruce needle leachates 

(SNLs) than pine needle leachates (PNLs) (Mann-Whitney, difference in medians, Table A.2). 

Concentrations of DOC were moderately inversely correlated to SUVA values for both SNLs and 

PNLs (Spearman correlation coefficients, Figure A.1-A.2). 

Of the three anions examined here (SO4
2-, F-, and Cl-) Cl- concentrations were highest in 

both SNLs (1.4e-8 – 3.7e-5 mol/g needles Cl-) and PNLs (1.4e-8 – 1.4e-5 mol/g needles Cl-) 

(Figure 2.2, Table A.1). The range of leached concentrations of SO4
2- and F- were similar 

between SNLs (5.2e-9 – 4.2e-6 mol/g needles SO4
2- and 2.6e-8 – 3.7e-5 mol/g needles F-) and 

PNLs (5.2e-9 – 2.5e-6 mol/g needles SO4
2- and 2.6e-8 – 3.2e-5 mol/g needles F-) but Cl- 

concentrations were typically greater for SNLs than PNLs. Pine needle leachates and SNLs only 

significantly differed in leached Cl- concentrations (Mann-Whitney, all p<0.10) and not F- or 

SO4
2- (Table A.2). Significant correlations (Spearman correlation, p<0.10) were observed 

between DOC and all anions examined here (SO4
2-, F- Cl-) for PNLs (F- was very strong, SO4

2- 

was strong, and Cl- concentrations were moderately positively correlated with DOC) (Figure 

A.1). Dissolved organic carbon in SNLs was not significantly (Spearman correlation, p<0.10) 

correlated with any of the anions (Figure A.2). All anions were significantly correlated with each 

other for SNLs and PNLs. Specific ultraviolet absorbance was significantly (Spearman 

correlation, p<0.10) negatively correlated with SO4
2-, F-, and Cl- for PNLs and F- for SNLs. 

Greater leached K+ (3.4e-5 – 1.1e-4 mol/g needles), Ca2+ (1.2e-6 – 6.1e-6 mol/g needles), 

Mg2+ (1.9e-6 – 8.4e-6 mol/g needles), Mn2+ (2.4e-7 – 3.9e-6 mol/g needles), Zn2+ (1.5e-8 – 2.4e-7 

mol/g needles) was observed for SNLs compared to PNLs (1.5e-5 – 4.3e-5 mol/g needles K+,  

6.2e-7 – 7.8e-6 mol/g needles Mg2+, 5.9e-7 – 4.5e-6 mol/g needles Ca2+, 7.9e-9 – 1.2e-7 mol/g 

needles Zn2+, and 4.8e-8 – 1.3e-6 mol/g needles Mn2+). Aluminum concentrations were greater for
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Figure 2.2 SUVA (L/ mg m) values and select metals (mol/g needles) and DOC (mg/g needles) concentrations leached from 
Engelmann spruce (brown) and lodgepole pine needles (blue) from the tops (darker brown and blue) and bottoms (lighter brown and 
blue shades) of drainages after 48 h.  
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PNLs (1.7e-7 – 2.6e-6 mol/g needles Al3+) than SNLs (1.2e-7 – 1.7e-6 mol/g needles Al2+). 

Concentrations of Na+, Sr2+, Fe3+, Cu2+, and Ni2+ of SNLs (2.9e-7 – 8.9e-6 mol/g needles Na+, 

1.7e-8 – 1.5e-7 mol/g needles Sr2+, 6.0e-9 – 1.1e-7 mol/g needles Fe3+, 8.6e-10 – 1.3e-8 mol/g 

needles Cu2+, and 4.3e-10 – 4.8e-9 mol/g needles Ni2+) and PNLs (2.9e-7 – 3.2e-6 mol/g needles 

Na+, 1.5e-9 – 1.0e-7 mol/g needles Sr2+, 2.9e-10 – 9.4e-8 mol/g needles Fe3+, 8.6e-10 – 1.5e-8 mol/g 

needles Cu2+, and 4.3e-10 – 2.2e-9 mol/g needles Ni2+) were similar (Figure 2.2, Table A.1).  

 Of the alkali and alkaline earth metals, K+ leached from spruce and pine needles in the 

greatest concentrations while Sr2+ leached the lowest concentrations (leached concentrations of 

Na+, Ca2+, and Mg2+ were similar). For the transition and other metals, Mn2+ and Al3+ leached in 

the greatest concentrations, then Fe3+ and Zn2+, and finally Cu2+ and Ni2+ for SNLs and PNLs 

(Figure 2.2). Copper and Ni2+ concentrations remained relatively constant with increasing DOC 

for SNLs and PNLs. Significant differences (Mann-Whitney, all p<0.10) between SNLs and 

PNLs were observed for K+, Ca2+, Mg2+, Sr2+, Mn2+, Fe3+, Zn2+, and Al3+ (not Na+, Ni2+, or Cu2+) 

and of those only Al3+ was greater for lodgepole pine than engelmann spruce (Mann-Whitney, 

difference in medians, Table A.3-A.4). Dissolved organic carbon was significantly (Spearman 

correlation, p<0.10) correlated with Ca2+, Mg2+, Sr2+, Mn2+, and Zn2+ for SNLs and PNLs (PNLs 

were additionally significantly correlated between DOC and K+, Fe3+, Al3+, and Ni2+) (Figure  

A.1-A.2). Specific ultraviolet absorbance of PNLs was significantly negatively correlated with 

Mn2+ and Al3+. 

 For SNLs, SUVA was significantly (Spearman correlation, p<0.10) but weakly negatively 

correlated with Mg2+. Sodium was not correlated with DOC for either the PNLs or SNLs but was 

very negatively correlated with SUVA values for PNLs. Spruce needle leachate SUVA values 

were not correlated with Na+ but were, however, negatively correlated with K+, Ca2+, and Mg2+. 
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For PNLs more alkali and alkaline earth metals (SO4
2- correlated with Na+ and K+; F- correlated 

with K+, Ca2+, and Mg2+; Cl- correlated with Na+, K+, Ca2+, Mg2+, and Sr2+) were moderate to 

strongly correlated with the anions SO4
2-, F-, and Cl- than for SNLs (SO4

2- correlated with Na+; F- 

correlated with Na+ and K+; Cl- correlated with Na+ and K+). Leached Cu2+ and Ni2+ were not 

correlated with DOC or SUVA values with the exception of Ni2+ in PNLs, which was correlated 

with DOC. Similarly to the alkali and alkaline earth metals, more transition and other metals 

were moderate to strongly correlated with the anions SO4
2-, F-, and Cl- for PNLs (SO4

2- 

correlated with Cu2+ and Al3+; F- correlated with Mn2+, Ni2+, Zn2+, Al3+; Cl- correlated with Mn2+, 

Fe3+, Zn2+, and Al3+) than for SNLs (SO4
2- correlated with Zn2+; F- correlated with Ni2+; Cl- 

correlated with Zn2+) (Figure A.1-A.2). 

2.3.2 Impact of position along drainage on spruce and pine needle leachate chemistry 

 The impact that position along drainage (top versus bottom, TD and BD, respectively) 

has on leachate chemistry was examined using spruce and pine needles collected from KG. 

Greater leached Sr2+, Mn2+, Fe3+, and Zn2+ concentrations were observed for SNLs and PNLs of 

needles collected from BD than TD (Figures 2.2) and was statistically significant (Mann-

Whitney, all p<0.1, Table A.5-A.7). Additionally, greater concentrations of K+ were leached from 

pine needles taken from the BD than TD but the opposite behavior was observed for K+ leached 

from spruce needles, greater concentrations leached from needles collected from TD than BD, 

which were also statistically significant (Mann-Whitney, all p<0.1, Table A.6). Significantly 

greater concentrations of SO4
2-, F-, and Cl- were observed for BD than TD of the PNLs but none 

were significantly greater for SNLs (Mann-Whitney, all p<0.1, Table A.5). For PNLs only, DOC, 

Ca2+, and Mg2+ were also observed in significantly greater concentrations for BD than TD while 

for SNLs, Na+ was also observed in significantly greater concentrations for BD than TD (Mann-
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Whitney all p<0.1, Table A.5-A.6). Differences in SUVA, Ni2+, Cu2+, and Al3+ were not 

significant between BD and TD for either SNLs or PNLs. 

2.3.3 Consistency of spruce needle leachate chemistry between watersheds 

 Consistency of leachate chemistry of needles collected from different watersheds was 

assessed using engelmann spruce needles collected from KG and DC (Figure 2.3, Table A.8). 

Leached DC engelmann spruce needles yielded DOC and SUVA values ranging from 10-72 mg/g 

needles and 0.41-1.2 L/mg m, respectively, which was not statistically different from KG (Mann-

Whitney all p<0.1, Table A.9). Leached concentrations of SO4
2- (2.5 – 1.1 mol/g needles), F- 

(6.9e-6 – 3.5e-5 mol/g needles), and Cl- (9.2e-6 – 3.1e-5 mol/g needles), Na+ (4.9e-7 – 2.0e-6 

mol/g needles), K+ (3.9e-5 – 1.2e-4 mol/g needles), Ca2+ (8.3e-7 – 5.8e-6 mol/g needles), Mg2+ 

(1.7e-7 – 5.1e-6 mol/g needles), Sr2+ (1.3e-8 – 2.4e-7), Mn2+ (1.7e-7 – 5.1e-6 mol/g needles), Fe3+ 

(8.2e-9 – 1.2e-7 mol/g needles), Cu2+ (1.1e-9 – 8.8e-9 mol/g needles), Ni2+ (3.6e-9 – 5.9e-9 mol/g 

needles), Zn2+ (1.5e-8 – 4.9e-7 mol/g needles), and Al3+ (5.3e-8 – 3.3e-7 mol/g needles) of DC 

engelmann spruce needles only significantly (Mann-Whitney, all p<0.1, Tables A.9-A.11) 

differed from KG for Na+, F-, Ni2+ and Al3+. Differences in Na+ and F- between DC and KG 

needle leachates were likely a result of low concentrations (several samples at detection limit). 

Deer Creek SNLs yielded greater Ni2+ while KG yielded greater Al3+ concentrations (Mann-

Whitney, difference in medians, Table A.11). 

2.3.4 Change in pine needle leachate chemistry through green, red, and gray phases 

 The change in PNL composition from green to red to gray lodgepole pine trees was 

assessed on different phase lodgepole pine needles collected from HG and leached over three 

different time periods (single 48 h leach, 4 sequential 2 h leaching increments (8 h total), and 4 

sequential 4 h leaching increments (16 h total)). For the 48 h experiment, green PNLs had a very
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Figure 2.3 SUVA (L/ mg m) values and select metals (mol/g needles) and DOC (mg/g needles) concentrations leached from 
engelmann spruce from DC (dark red) and KG (teal) watersheds after 48 h.  
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low DOC concentration (1.5 mg/g needles) while red and gray PNLs had high and similar DOC 

concentrations (17 and 16 mg/g needles, respectively) (Table 2.1). Alkali and alkaline earth metal 

needles, grey PNL: 5.3e-6 mol/g needles), Mg2+ (red PNL: 4.8e-6 mol/g needles, grey PNL:  

1.1e-5 mol/g needles), Na+ (red PNL: 4.3e-6 mol/g needles, grey PNL: 3.3e-6 mol/g needles), and 

Sr2+ (red PNL: 6.8e-9 mol/g needles, grey PNL: 1.9e-8 mol/g needles). Transition and other metal 

concentrations of red and grey PNLs were greatest for Mn2+ (red PNL: 6.9e-7 mol/g needles, grey 

PNL: 1.7e-6 mol/g needles) followed by Al3+ (red PNL: 7.5e-7 mol/g needles, grey PNL: 1.3e-6 

mol/g needles) with concentrations of Fe3+ and Zn2+ below 1.0e-7 mol/g needles and Ni2+ and  

 

Table 2.1 48 hour HG pine leachate chemistry data (mol/g needles except DOC is mg/g needles) 
 

Variable 
Needle Phase 

Green Red Grey 

DOC 1.5 17 16 

Na+ 2.5E-06 4.3E-06 3.3E-06 

K+ 2.5E-06 4.4E-05 4.2E-05 

Ca2+ 1.2E-06 3.0E-06 5.3E-06 

Mg2+ 4.2E-07 4.8E-06 1.1E-05 

Sr2+ 3.4E-09 6.8E-09 1.9E-08 

Mn2+ 1.2E-07 6.9E-07 1.7E-06 

Fe3+ 3.6E-09 3.4E-08 2.2E-08 

Ni2+ 3.4E-09 3.4E-09 3.4E-09 

Cu2+ 3.1E-09 3.1E-09 3.1E-09 

Zn2+ 1.2E-08 5.0E-08 5.7E-08 

Al3+ 1.9E-08 7.5E-07 1.3E-06 

 

Cu2+ below 1.0e-8 mol/g needles. Overall, Na+, K+, and Fe3+ concentrations were lowest in the 

green PNL and highest in the red PNL (only slightly decreases in the gray PNL). Concentrations 

of Ca2+, Mg2+, Mn2+, Zn2+, and Al3+ continuously increase from the green, red, and gray PNLs. 

The concentration of Ni2+ between the green, red and gray PNLs does not dramatically change. 

 For the two incremental leaching experiments (4 sequential 2 h leaching increments (8 h 



   

18 

 

total)) and 4 sequential 4 h leaching increments (16 h total)), DOC concentrations were highest 

in the first leach, decreased through the second leach, and were generally constant in the third 

and fourth leach for both experiments (Figure 2.4-2.5; Table A.12-A.13). Concentrations of DOC 

were only weakly correlated with progressive leach increment (Spearman correlation, p<0.1, 

Figure A.3-A.4). Green PNLs have the highest SUVA values followed by gray then red PNLs 

throughout the four leach increments in both experiments. Green and gray PNLs decreased in 

SUVA from the first through the fourth leach increment in both experiments. Gray PNLs had 

high variability in SUVA in the first two leach increments in the 8 hour experiment (Figure 2.4), 

and in all four increments in the 16 hour experiment (Figure 2.5). Red PNLs had relatively stable 

SUVA values through the four leach increments in both experiments. For both sets of 

experiments SUVA values significantly (Spearman correlation, p<0.1, Figure A.3-A.4) decreased 

through each progressive leaching increment (every 2 or 4 h). But the correlations between 

SUVA and needle phase (green, red, and gray) or time (stayed relatively the same for each 

leaching increment) were weak (Spearman correlation coefficients, Figure A.3-A.4). 

 In general, concentrations of metals in the leachates decreased through the four leach 

increments in both experiments (Figures 2.4-2.5; Tables A.12-A.13). Concentrations of DOC, 

Na+, Ca2+, Fe3+, Ni2+, Cu2+, and Al3+ differed significantly (Mann-Whitney all p<0.1) between 

the 8 h and 16 h experiments with Na+ being the only variable that the shorter increment 

experiment tended to have greater concentrations of (K+, Mg2+, Mn2+, and Zn2+ were not 

significantly different). For both sets of experiments Na+, Ca2+, Mg2+, Mn2+, Fe3+, and Al3+ 

values significantly (Spearman correlation, p<0.1) decreased through each progressive leaching 

increment (every 2 or 4 h). During the 16 h experiment K+ concentrations of red and grey phase 

needles decreased with each increment (Figure 2.5), which was not true for the 8 h experiment 
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Figure 2.4 SUVA (L/ mg m) values and select metals (mol/g needles) and DOC (mg/g needles) concentrations leached from 
engelmann spruce from DC (dark red) and KG (teal) watersheds after 48 h. 
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Figure 2.5 SUVA (L/ mg m) values and select metals (mol/g needles) and DOC (mg/g needles) concentrations leached from 
engelmann spruce from DC (dark red) and KG (teal) watersheds after 48 h. 
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where K+ concentrations only decreased after the first increment (Figure 2.4). Concentrations of 

Na+, K+, Mg2+, Mn2+, Zn2+ and Al3+ were observed to follow gray ≥ red > green and no trends 

were observed for Ca2+, Sr2+, Fe3+, Cu2+, or Ni2+ versus needle phase. However, concentrations of 

Na+, K+, Mg2+, Mn2+, Fe3+, Ni2+, Zn2+, and Al3+ in the PNLs significantly follow gray > red > 

green (Spearman correlation, p<0.10, Figure A.2-A.3). Dissolved organic carbon concentrations 

were significantly positively correlated with K+, Ca2+, Mg2+, Fe3+, Mn2+, Zn2+, and Al3+ and 

negatively correlated with SUVA for both experiments. Additionally, DOC concentrations in the 

longer increment experiment were positively correlated with Na+. The values of SUVA for both 

sets of experiments were negatively correlated with DOC and K+ (Ca2+ for only the 16 h 

experiment) (Figure A.2-A.3). 

2.4 Discussion 

 Smaller needle size and greater surface area by volume of engelmann spruce needles 

compared to green lodgepole pine needles could be responsible for the greater leached 

concentrations of DOC and metals, with Al3+ being the exception. It is also possible that certain 

metals accumulate in spruce versus pine (King, 1984). Greater SUVA values of SNLs than PNLs 

(grey, red, and green) implies SNLs were more hydrophobic and aromatic with greater affinity 

for trace metals than PNLs (as SUVA values increase hydrophobicity and trace metal affinity 

increases). The greater SUVA values of SNLs would result in a greater impact to soils than PNLs 

such as through increased leaching or increased retention by the soil depending on the metal in 

question.  

 The correlation between PNL concentrations of DOC and anions could lead to an increase 

in retention of DOC and metals in soils in areas of severe beetle infestation. In acidic forest soils, 

this would occur by portions of the DOC being electrostatically bound to the soil via anion 
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exchange. The generally lower SUVA values of PNL’s would inhibit direct complexation 

between DOC and soil mineral surfaces. Decreasing pH coupled with increasing input of organic 

carbon and anions into soils in heavily infested watersheds would increase the likelihood of DOC 

and metal retention by anion exchange. However, in pine forests with less acidic soils, the 

increase in negatively charged anions and DOC from increased needle drop may result in rapid 

release of metals from soils instead of retention. 

 The dominance of K+ in SNLs and PNLs and increase in leached K+ with increasing 

DOC could have implications for the exchange-processes in soils, altering metal pathways and 

potentially soil pH. For PNLs more alkali and alkaline earth metals were moderate to strongly 

correlated with the anions SO4
2-, F-, and Cl- than for SNLs suggesting a decreased likelihood of 

retention by soils in predominately lodgepole pine forests and potentially an increased retention 

of metals below predominately engelmann spruce forests. Of the select transition and other 

metals considered here (Mn2+, Fe3+, Cu2+, Ni2+, Zn2+, and Al3+), engelmann spruce needles 

leached greater concentrations of Mn2+, Fe3+, and Zn2+ than green lodgepole pine needles (Mn2+ 

was released in the greatest concentrations for SNLs and PNLs), which were observed to be 

dependent on leached DOC concentrations. Dissolved organic carbon is known to form 

complexes with metals such as Cu2+, Ni2+ and Zn2+ (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 flux of carbon into the soil (Xiong et al., 2011) followed by prolonged release into the 

adjacent water supplies (Huber et al., 2004; Mikkelson et al., 2013b). Zinc is of particular 

importance because in a study of soils, Bearup et al. (2014a) observed through sequential 

extractions that Zn2+ increased in all soil fractions and was related to soil organic matter. 
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Lodgepole pine needles (all phases) leached greater concentrations of Al3+ than engelmann 

spruce needles, leached Al3+ was more dependent on DOC in lodgepole pine needles than 

engelmann spruce needles. Mikkelson et al. (2014) observed that Al3+ leached from soil closely 

correlated with only the hydrophobic portion of DOC, so as SUVA values increase Al3+ 

concentrations should increase as well. This was only true for PNLs in our study given the much 

lower concentrations of Al3+ observed for SNLs than PNLs. For PNLs, Mn2+ and Al3+ were 

correlated with SUVA (especially Al3+). The lack of correlation between DOC and Cu2+ (and to 

some extent Fe3+) suggests that particulate, rather than dissolved, organic matter may control 

leached concentrations of Cu2+. Clemente and Bernal (2006) observed that Cu2+ mobility was 

attributable to complexation with soluble organic matter or colloids and not dissolved fractions. 

 Focusing in on lodgepole pine needles, we leached green, red, and gray samples for three 

different time periods to mimic precipitation events in an MPB infested lodgepole pine forest to 

assess the potential impact on soil chemistry through the progression of an MPB infestation. The 

three lengths of time the needles were leached for included a single 48 h leach, 4 sequential 2 h 

leaching increments (8 h total), and 4 sequential 4 h leaching increments (16 h total). The 8 and 

16 hour experiments were completed to determine how the leachate chemistry changes with 

increasing water contact time and water pulse. In general, the two incremental experiments 

resulted in leachate concentrations of constituents that tended to decrease with leach increment 

(water pulse).  Leached concentrations of DOC and metals from gray PNLs were more variable 

(through time and with replicates at each increment) than for green or red PNLs. This could be 

due to the longer age span of gray needles than green or red needles. The number of years since 

infestation in lodgepole pine trees with red needles can be determined with an error not greater 

than 1-2 years. An approximation of when the tree enters gray phase can also be determined 
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within this error, but time since infestation of trees currently in gray phase is harder to quantify. 

In the gray phase, the needles on the dead tree will fall at an unknown rate. Without this rate, it is 

impossible to quantify the time since infestation for gray trees. Therefore, the gray trees sampled 

in this study likely have a larger range in terms of time since infestation than the green and red 

trees do. Mikkelson (2013b) observed that total organic carbon increased with time in infested 

watersheds relative to control watersheds. Red and gray pine needles leach greater amounts of 

DOC than green pine needles over a time period of 0-16 hours, implying that pine needles from 

infested trees may contribute to the higher observed total organic carbon concentrations of the 

infested watersheds. 

 Age of needles is an influential factor on concentrations of DOC and metals (Beggs and 

Summers, 2011). Green PNLs consistently had the lowest concentrations for DOC and most 

metals. Similarly to the KG SNLs and PNLs, K+ dominates the alkali/alkaline earth metal 

composition and Mn2+ dominates the trace/other metal composition of all HG leachates for all 

phases. For the 8 h and 16 h experiments, the first increment was the only increment with an 

appreciable metal release. Contributions from subsequent increments will not add significant 

concentrations to soil pore water. In a natural environment, constant precipitation and flushing 

behavior more closely mimics an incremental leaching laboratory “pulse” experiment than a 

single batch experiment. The results from this study can be used as a preliminary indicator of 

how leachate concentrations and composition might change due to water pulse and flushing by 

precipitation. 

2.5 Conclusions 

 Needle leachates are representative of contributions from needles to soil pore water of 

mountain forest ecosystems as they are the dominant contributor to the litter layer on the forest 
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floor. Engelmann spruce needles contribute greater concentrations of DOC to soils than all 

phases of lodgepole pine needles and may overpower any signal the increased amount of 

lodgepole pine needle drop to the forest floor may produce in MPB infested areas. This may also 

be true for metals in soils, given the greater concentrations of K+, Sr2+, Fe3+, Cu2+, and Zn2+ (in 

addition to the anions F-, Cl-, and SO4
2-) leached from engelmann spruce needles than all phases 

of lodgepole pine needles. However, all phases of lodgepole pine needles consistently leached 

greater concentrations of Al3+ and thus we would expect to see trends in effluent Al3+ with 

increasing severity of beetle infestations. The correlation between anion and DOC concentrations 

leached from lodgepole pine needles in conjunction with low SUVA values (low aromaticity) 

could result in increased solubility of metals leading to a sharp increase in metal loadings in 

nearby streams and a rapid return to baseline conditions. However, engelmann spruce needle 

leachates yielded greater SUVA values (higher aromaticity), which would enable higher DOC 

and metal retention by soils. Areas impacted by the spruce beetle may experience lower initial 

impacts to metal and DOC concentrations of nearby streams, but the effects would be of longer 

duration as the watershed re-equilibrates itself to pre-infestation conditions. This has important 

implications for present and future spruce beetle infestations, which may result in more 

pronounced watershed scale changes in soil and water geochemistry than MPB infestations. 
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CHAPTER 3 

ASSESSING CHANGES TO SURFACE WATER QUALITY AND  

METAL STORAGE AND EXPORT IN MOUNTAIN  

PINE BEETLE IMPACTED WATERSHEDS 

 

Abstract 

 Warming climates and extended droughts have enabled mountain pine beetles to impact 

larger areas. In infested watersheds tree death occurs an average of three years after the initial 

infestation. In this short period of time trees stop transpiring, defoliate, and die. The rapid 

deposition of pine needles to the forest floor, and subsequent decomposition of the needles, 

increases organic carbon availability and releases metals. Consequently, both organic carbon and 

metal fluxes into and through the beetle-infested watersheds may be larger than those in non-

infested watersheds. The objective of this study was to investigate possible changes to metal 

storage (soils) and export (surface water) in response to the large-scale pine beetle infestations. 

Four watersheds located in Keystone, CO, with between 41-98% areal extents of pine beetle 

infestation, were selected for soil and surface water sampling. Overall no strong correlation 

between severity of pine beetle infestation versus extractable metal concentrations of three soil 

fractions (soluble, exchangeable, and organically bound) and water quality parameters pH, DOC, 

Al3+, Fe3+, Cu2+, Ni2+, and Zn2+ was observed. The lack of correlation was a result of 

heterogeneity between individual soil sampling sites and the inability of increased lodgepole pine 

needle litter on the forest floor to yield a strong enough signal at the watershed scale to 

overshadow the generally greater concentrations of DOC and select metals leached from the 

engelmann spruce needles compared to green and grey lodgepole pine needles. 
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3.1 Introduction 

 The bark beetle is the primary cause of insect-induced mortality in coniferous forests in 

western North America (Gibson et al., 2008). Bark beetle outbreaks are typically localized and 

result in minimal tree mortality in affected watersheds. However epidemic scale infestations in 

mountain forests of the western United States were observed by the mountain pine beetle (MPB; 

Dendroctonus ponderosae) between 2008-2013 and later by the spruce beetle between 2011-

2015. This was followed by tree dieback and increased litter accumulation (Klutsch et al., 2009). 

High elevation catchments in the Rocky Mountains are critical sources of regional water supplies 

and the impact of large-scale bark beetle induced tree mortality on water quality and yield is of 

major concern. The majority of published research on bark beetle in lodgepole pine forests has 

focused on ecological, hydrological, and economic impacts, while an understanding of the 

geochemical changes at the watershed scale from bark beetle infestations has only begun 

(Zimmermann et al., 2000; Huber et al., 2004; Clow et al., 2011; Griffin et al., 2011; Griffin and 

Turner, 2012; Kana et al., 2013; Rhoades et al., 2013; Mikkelson et al., 2013b; Bearup et al, 

2014a). Mikkelson et al. (2013a) provides an extensive review of potential hydrological and 

geochemical impacts of bark beetle infestations. Here we focus on the watershed scale response 

to increased MPB tree mortality, specifically related to changes in surface water quality and 

metal storage and export. Increased needle loss and deposition on the forest floor as affected 

trees progress from healthy (green needles) to dead (grey needles) is a potential source of carbon, 

nutrients, and metals all of which could potentially impair water quality. Studies of geochemical 

impacts of MPB infestation at the column (Mikkelson et al., 2014), tree (Clow et al., 2011; 

Rhoades et al., 2013; Bearup et al, 2014; Xiong et al., 2011), and watershed (Clow et al., 2011; 

Mikkelson et al., 2013b) scale suggest the potential for increased watershed-specific fluxes of 
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dissolved organic carbon (DOC), nutrients, and Al3+ into soils as trees are killed and decompose. 

These changes could alter soil pH, dominant metal mobilization processes, and ultimately water 

quality. 

 Using column experiments, Mikkelson et al. (2014) observed that pine needle leachate 

mobilized Al3+ and Cu2+, but Zn2+ was retained by the columns. The importance of organic 

complexation and cation exchange in mobilizing metals in beetle-impacted forests was illustrated 

through these leached metal concentrations being most strongly correlated with DOC and Ca2+ 

ions. Mikkelson et al. (2014) suggests that a large needle drop pulse and subsequent 

decomposition post pine beetle infestation has the potential to enhance soil-water and ultimately 

surface water concentrations of Cu2+, Zn2+ and Al3+ at varying time scales. Increased DOC 

release resulting from the decomposition of the pine needles may form complexes with these 

metals possibly enhancing their transport through the soil matrix while also increasing carbon 

sorption resulting in a delayed carbon release. 

 Additionally, at the tree scale in soils under infested spruce trees, Huber et al. (2004) 

observed exchange and loss of base cations (Ca2+, K+ and Mg2+) and Al3+ from soils because of 

increased nitrification and reduction of soil pH. Aluminum concentrations in seepage water 

increased post spruce beetle infestation and correlated with nitrate concentrations as the 

negatively charged nitrate attracts the positively charged Al3+ (Zimmermann et al. 2000; Huber et 

al. 2004). However, here we focus on impacts brought on by the MPB. Soil carbon under MPB 

impacted pine trees has been observed to initially decrease due to cessation of root exudate 

processes but once the pine trees begin to drop needles the soil carbon concentrations rebound 

(Mikkelson et al., 2013a). Xiong et al. (2011) observed increases in soil pH under MPB impacted 

pine trees, likely related to exchange-site competition from increased base cation inputs. 
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However, Bearup et al. (2014) observed no significant changes in pH of soils beneath MPB 

impacted pine trees in different stages of tree death at Rocky Mountain National Park and 

Keystone Gulch, Colorado. Lastly, the combined experimental and modeling results of Bearup et 

al. (2014) demonstrated that metal mobility increases in soils under MPB attacked trees and was 

primarily controlled by increased soil organic matter and DOC fluxes, rather than increased 

fluxes of base cations into the soil or changes in soil water pH. 

 Watershed scale responses of soil and surface water chemistry to large scale MPB 

epidemics are limited. Of the watershed scale studies published, varying trends in water 

chemistry were reported. Clow et al. (2011) observed no changes in surface water concentrations 

of DOC with increased areal extent of MPB infestation, which could be a result of a delayed 

release of DOC or a greater control of watershed specific characteristics such as percent forest 

cover, climate, and catchment area on DOC fluxes. Conversely, Mikkelson et al. (2013b) 

observed approximately four times the concentration of total organic carbon (TOC) entering 

Colorado water treatment facilities that receive their source water from MPB impacted 

watersheds as compared to control watersheds. Additionally, although the TOC concentrations 

were shown to increase in conjunction with the severity of MPB infestation at impacted 

facilities, this increase was not statistically significant. Characteristics of a watershed (e.g. 

residence time and dilution capacity) would determine how quickly and concentrated a pulse of 

DOC and metals would move through the shallow subsurface to surface waters. Spatial 

heterogeneity commonly presents a challenge in distinguishing trends in soil properties 

(Nowacket al., 2010; Ayer and Kratochvil, 1986) and determines the relative importance of 

chemical and physical processes (Austin, 2011). Adequate understanding of physical variability 

and transport and buffering mechanisms that may offset potential changes in water quality in 
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infested watersheds is needed to appropriately upscale results and to understand long term and 

regional trends in metal storage and export in MPB infested forests. 

 Here we conducted a study in Keystone Gulch, Colorado, to document possible 

watershed-scale changes in soil chemistry and surface water quality in response to increasing 

severity of MPB infestation. We selected four geologically and hydrologically similar 

watersheds, with varying degrees of MPB tree mortality, for soil and surface water sampling. The 

study approach involved (1) seven randomly selected soil sampling locations within each 

watershed where pH, soil carbon, and extractable (rainwater, exchangeable, and pyrophosphate) 

metal concentrations for each watershed were determined, (2) June-November 2015-2017 bi-

monthly water-quality sampling from surface water draining each watershed, (3) assessing 

spearman correlation coefficients to characterize the relative importance of MPB induced tree 

mortality and watershed characteristics in controlling surface-water quality and soil chemistry, 

and (4) mixing model of potential changes to inputs to soils from increased needle drop in 

watersheds with increasing severity of MPB infestation. 

3.2 Methods 

3.2.1 Study Area and Sampling 

 Keystone Gulch (39.60° N, 105.98° W) catchment of the Snake River watershed (a sub-

watershed of the Blue River watershed) in Summit County, CO was selected for soil and surface 

water sampling. Soils in this area are derived from glacial drift and alluvium and colluvium from 

the gneiss bedrock and are mapped as Frisco and Peeler sandy loams (~57% sand, 27% clay, and 

16% silt) (NRCS, 2013). Four watersheds located in the Keystone Gulch catchment were 

selected based on similar drainage area, aspect (northwest-southeast facing slopes), vegetation 

type (dominantly lodgepole pine (Pinus contorta) and engelmann spruce (Picea engelmannii)) 

https://en.wikipedia.org/wiki/Picea_engelmannii
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Figure 3.1 Geologic map of the Keystone Gulch catchment with the four sampling watersheds 
shaded in blue, locations of soil (red dots) and surface water (blue dots) sampling marked, 
and %MPB for each watershed. 
 

and density, bedrock, and elevation but with varying degrees of MPB tree mortality (Figure 3.1). 

The percent watershed affected by the MPB (%MPB) from 2008-2014 was determined for each 

watershed based on digital annual Aerial Detection Survey maps available from the United States 

Forest Service and Colorado State Forest Service (https://www.fs.usda.gov/detail/r2/forest-

grasslandhealth/?cid=fsbdev3_041629). Within each of the four watersheds, seven soil sampling 

sites were randomly selected from a numbered gridded map of each watershed. Soil samples 

were collected from each mineral horizon (A, B, and C), not including the litter layer, of the 

seven sites per watershed. Soil samples were air dried, stored at room temperature, and sieved to 
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remove >2mm size fraction. Water samples were collected bimonthly June-November for 2016 

and 2017 from the outlet of each watershed (near the confluence with Keystone Gulch). For each 

water sample collected one aliquot of the filtered samples was acidified with trace metal grade 

nitric acid for analysis by ICP-AES according to EPA Method 200.7. Measurements of DOC 

were run on HCl acidified aliquots of the sample following Standard Method 5310 (APHA, 

2005) utilizing a Shimadzu TOC-Vcsh analyzer with autosampler. Measurements of anions were 

run on aliquots of the sample according to EPA Method 300.0. 

3.2.2 Soil pH and Carbon 

 Samples for soil carbon analysis were ground using an acid washed mortar and pestle and 

sieved to <180 μm. Soil carbon concentrations were determined through standard 

combustion/acid digestion and carbon coulometry techniques with a UIC, Inc. Model 5014 CO2 

Coulometer. Soil pH was measured for each unground <2 μm soil sample using 1:2 (g:mL) 

mixtures of soil:solution doubly-deionized (DDI) (18MΩ) water for pHH2O and 0.01 M CaCl2 for 

pHCaCl2), using a Thermo Scientific Orion Star™ A221 pH Portable Meter. Given the similarity 

between pHH2O and pHCaCl2 measurements only pHH2O values are presented. 

3.2.3 Extraction Methods 

 Partitioning of metals in Keystone Gulch soils was assessed using three types of soil 

extraction procedures: artificial rainwater (soluble), MgCl2, (exchangeable) and sodium 

pyrophosphate (organically bound). At a minimum, A.C.S. certified reagents, trace metal grade 

acids and bases, and DDI water were used in all experiments. Ground and sieved soils were 

measured into 50 mL polycarbonate centrifuge tubes to which the extraction solution was added. 

Artificial rainwater extractions were used to assess the most labile portion of metals using a ratio 

of 1 g soil to 20 mL artificial rainwater (Davies et al., 2004) and agitated for 24 h. Magnesium 
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chloride exchange replaces species weakly bound to mineral and organic surfaces (Tessier et al., 

1979). A ratio of 1 g of soil to 8 mL neutral pH 0.5 M MgCl2 was agitated for a period of 20 min. 

Pyrophosphate extractions used a ratio of 1 g soil to 100 mL pH 10, 0.5 M Na4P2O7 and was 

agitated for a period of 1 h. All experiments were continuously agitated at room temperature on a 

shaker table then centrifuged and filtered using 0.45μm nylon Fisherbrand syringe filter. For each 

leaching experiment one aliquot of the filtered samples was acidified with trace metal grade 

nitric acid for analysis by ICP-AES according to EPA Method 200.7. Measurements of anions 

were run on aliquots of the leachate according to EPA Method 300.0.  

3.2.4 Statistical analysis 

 The correlation between non-parametric variables was examined using Spearman rank 

correlation coefficients. This correlation coefficient considers only the ranks of the observations 

and so can measure the degree of monotonic (increasing or decreasing, but not necessarily linear) 

association between two variables (Clarke and Ainsworth, 1993) and was used to assess whether 

or not any geochemical parameters were significantly correlated with MPB infestation. For our 

purposes, ranges of correlation coefficients represent very strong (1-0.8), strong (0.79-0.6), 

moderate (0.59-0.4), weak (0.2-0.39), and very weak (0-0.19). 

3.2.5 Geochemical Mixing Models 

 Mixing models were performed to assess changes in input chemistry to soils with 

increased %MPB (increased needle drop and decomposition). Dominant tree types from our four 

watersheds in Keystone Gulch were used to constrain possible input solutions. All four 

watersheds were predominately lodgepole pine and engelmann spruce with lesser amounts of 

localized cottonwood, aspen, and fir. Given these percentages, our model input solutions were a 

ratio of 50% engelmann spruce and 50% lodgepole pine needle composition. Initial input 
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conditions were based on lodgepole pine (grey and green needles) and engelmann spruce needle 

leachate concentrations observed by Heil et al. (2019a) (Table 3.1). Models were run according 

to equations 3.1 and 3.2 with 50% of the input solution derived from engelmann spruce needle 

leachate and 50% from lodgepole pine needle leachate with the pine needle leachate composition 

further subdivided into fractions of grey (X) and green (Y) lodgepole pine needle leachate used to 

represent a range of MPB infestation from uninfested (X=0 and Y=1) to watersheds with total 

lodgepole pine tree death (X=1 and Y=0): 

 

     Ij = 0.5[Sj] + 0.5[Pj]     (3.1) 

         [Pj] = X[Pj,grey]*1.4 + Y[Pj,green]    (3.2) 

 

Where Ij is the concentration of element j in input solution representing concentrations 

infiltrating into the soil. Ij is a 50/50 mix of concentrations of element j derived from spruce 

needle decay (Sj) and pine needle decay (Pj) determined from needle leaching experiments (see 

Table 3.1). Pj varies with degree of MPB impact from 0 to 100% pine tree death using equation 

2, where Pj,grey and Pj,green are the concentrations of element j from leaching experiments of grey 

phase and green phase needles respectively (Heil et al., 2019a). X and Y are the relative fractions 

of healthy and dead trees in a watershed (where X+Y=1) and the constant 1.4 accounts for the 

increased litter fall from grey phase trees relative to healthy pine trees (Klutsch et al., 2009). 

Here we simulated final needle leachate solution composition with X values of 0, 0.25, 0.50, 

0.75, and 1. Model simulations were performed in PHREEQC (Parkhurst and Appelo, 2013) with 

the thermodynamic database WATEQ4F (Ball and Nordstrom, 1991). 
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Table 3.1 Concentrations (mol/L) of Pj,green, Pj,grey, and Sj used to calculate Ij. 

Variable 

 (mol L-1) 
Pj,green Pj,grey Sj 

Al3+ 6.90E-06 1.08E-05 3.68E-06 

Ca2+ 2.75E-05 6.32E-05 4.33E-05 

Cu2+ 1.12E-07 5.93E-08 1.19E-07 

Fe3+ 7.48E-07 3.56E-07 1.08E-06 

K+ 4.33E-04 4.90E-04 9.06E-04 

Mg2+ 2.04E-05 7.58E-05 4.69E-05 

Mn2+ 5.57E-06 2.79E-05 1.58E-05 

Na+ 2.49E-06 2.23E-05 2.49E-06 

Ni2+ 9.38E-09 5.93E-08 9.38E-09 

Sr2+ 8.43E-08 5.04E-07 6.22E-07 

Zn2+ 6.01E-07 1.10E-06 1.98E-06 

F- 3.99E-05 3.99E-05 6.80E-05 

Cl- 5.35E-05 5.35E-05 2.14E-04 

SO4
2- 3.07E-05 3.07E-05 4.38E-05 

 

3.3 Results 

3.3.1 Surface Water Chemistry 

 Measurements of outlet surface water quality (pH, SUVA, DOC, alkalinity, F-, Cl-, SO4
-2, 

K+, Na+, Mg2+, Ca2+, Sr2+, Mn2+, Fe3+, Ni2+, Cu2+, Zn2+, and Al3+) are compared between the four 

watersheds (with increasing %MPB) (Table B.1-B.2). Of the variables measured only F-, Cl-, and 

Na+ were strongly correlated with %MPB (all three were positively correlated) (Spearman 

correlation coefficients p<0.1, Figure B.1). Concentrations of F- (Figure 3.2) and Na+ (Figure 

3.3) in the two watersheds with the lowest %MPB were relatively similar and were dramatically 

different from the two watersheds with the highest %MPB. However, concentrations of Cl- were 

consistently different between all watersheds (Figure 3.2). 

Other notable differences between watersheds included the lower pH and greater values 
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Figure 3.2 Values of SUVA (L/mg m), conductivity(µS/m), TDS (ppm NaCl), alkalinity (ppm CaCO3), and select anions (mol/L) over 
time of surface water collected from four watersheds in Keystone Gulch, CO with varying %MPB (41%, 52%, 93%, 98%). 
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of DOC, SUVA, Fe3+, and Al3+ for the lowest %MPB (41%) watershed compared to the other 

three watersheds, which had similar DOC, SUVA, Fe3+, and Al3+ (pH decreased with 

increasing %MPB. Additionally, the watershed with the second to the least %MPB (52%) 

yielded the greatest concentrations of TDS, SO4
2-, K+, Ca2+, and Mg2+ while concentrations of 

these variables in the other three watersheds generally increased with increasing %MPB (Figures 

3.2-3.3). For all watersheds, concentrations of DOC (Figure 3.2), Fe3+, and Al3+ (Figure 3.3) 

increased for peak flow months (June-August) likely as a result of flushing from soil pores where 

these constituents may be stored. Aluminum and Fe3+ were significantly moderately positively 

correlated (Spearman correlation coefficients p<0.1, Figure B.2) with DOC and SUVA indicating 

the control that organic carbon has the behavior of these metals. Values of pH, TDS, alkalinity, 

SO4
2-, Cl-, K+, Na+, Ca2+, and Mg2+ increased during base flow months (September-November) 

as a result of concentrating from decreased discharge (Figure 3.2-3.4). No seasonal trends were 

observed for Cu2+, Mn2+, and Ni2+ (very low concentrations). Concentrations of F- increased 

during base flow months for higher %MPB watersheds only (Figure 3.2). 

3.3.2 Soil Chemistry 

 Soil carbon and pH were measured for each horizon of each watershed to assess potential 

impacts from increasing %MPB on storage of metals (Table B.3). Analyses was conducted by 

horizon because the effects of pine beetle kill were expected to be more pronounced in the A 

(top) horizon. Initially it was hypothesized that increased inputs of needles in watersheds with 

greater %MPB would result in enhanced soil carbon. With the exception of the watershed with 

the lowest %MPB (41%), an increase in soil carbon in the A horizon and a decrease in soil 

carbon in the B (middle) horizon with increasing watershed %MPB was observed, indicating that 

increasing %MPB results in a gain in A horizon soil carbon, possibly because of increased needle 
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Figure 3.3 Concentrations of select metals (mol/L) over time of surface waters collected from four watersheds in Keystone Gulch, CO 
with varying %MPB (41%, 52%, 93%, 98%). 
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drop, but a loss in B horizon soil carbon, likely resulting from cessation of root exudate 

processes (Figure 3.4). However, not only were soil carbon concentrations for each watershed 

within the range of the other watersheds, but one of the watersheds, with 41%MPB, does not fit 

within these trends. Statistically, no significant correlation was observed between %MPB and 

soil carbon (Spearman correlation coefficients p<0.1, Figure B.3). 

Given the lack of significant trends in soil carbon, differences in soil pH as a function 

of %MPB were not expected. The watershed with the least %MPB (41%) yielded the lowest pH 

values for all horizons (Figure 3.4, Table B.3). Soil pH of the watershed with the second to the  

 

 

Figure 3.4 Total carbon (g/kg soil) and soil pH values for each horizon (top: dark green, middle: 
dark brown, and bottom: light brown) of soils collected from four watersheds in Keystone Gulch, 
CO with varying %MPB (41%, 52%, 93%, 98%). 

 

lowest %MPB (52%) were relatively similar for the three horizons. The two watersheds with the 

greatest %MPB (93% and 98%) yielded the greatest differences in soil pH values between all 

three horizons and were relatively similar between the two watersheds. However, soil pH did not 

significantly correlate with %MPB (Spearman correlation coefficients p<0.1, Figure B.3) and 
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soil pH values for each watershed fall within the range of the other watersheds, which agrees 

with observations from Bearup et al. (2014a) that at the tree stand scale there was no significant 

difference in soil pH depending on phase of tree. 

 Concentrations of metals leached during each extraction (artificial rainwater, MgCl2, and 

Na-pyrophosphate) were measured and overall no trends between extracted metals and %MPB 

were observed (Figures 3.5-3.7, Tables B.3-B.5). For most metals the range of metals leached 

during each extraction were large and made it difficult to ascertain the presence of trends. 

Additionally, strong (>0.6) statistically significant correlations in extracted metals versus %MPB 

were absent for all extractions and only moderate to very weak (<0.59) correlations were 

observed (Spearman correlation p<0.1, Figures B.4-B.15). Trends of each extractions were 

assessed to determine their possible impact to metal storage to attempt to understand the absence 

of trends with increased %MPB that was hypothesized based on previous experiments. 

 Metals are bound to different soil fractions, with the strength of the binding determining 

their bioavailability and the risk associated with their presence in aquatic systems. An 

understanding of the partitioning of metals within soils and the mechanisms necessary to 

mobilize them is essential to estimating the timing and magnitude of metal release from those 

soils (i.e. rapid or delayed metal release) into surface or ground water, especially as a result of 

changes in land cover, which bring potential changes in pH and organic carbon fluxes. Here, the 

most mobile fraction (rainwater extraction: soluble) generally yielded the lowest concentrations 

of metals followed by the exchangeable fraction (MgCl2 extraction: exchangeable) and finally 

the organically bound fraction (Na-pyrophosphate extraction: organically bound), which yielded 

the greatest concentrations of all extracted metals focused on here. 

 Metals in the soluble fraction follow the trend Na+=K+>Ca2+=Mg2+>Al3+>Fe3+>Mn2+> 



    

41 

 

Cu2+>Zn2+>Ni2+>Sr2+, which was generally independent of horizon or watershed (Figure 3.5, 

Figures B.4-B.7, Table B.3). With the exception of Na+, for all watersheds the greatest 

concentration of metals in the exchangeable fraction was observed in the A horizon. The greatest 

concentrations of Na+ were observed for the B and C horizons, which yielded similar 

concentrations. Metals in the exchangeable fraction follow the trend Ca2+>Al3+>K+>Na+> 

Fe3+=Mn2+>Sr2+>Cu2+=Zn2+>Ni2+, which was also generally independent of horizon or 

watershed (Figure 3.6, Table B.4). The exception to these trends was that for the A horizon Zn2+ 

was present in greater concentrations than Cu2+. For all watersheds and all horizons, similar 

ranges of exchangeable metal concentrations were observed with the exception of Mn2+ and 

Zn2+, which were observed in greater concentrations in the A horizon. Zinc and Mn2+ 

concentrations in this fraction were moderately correlated with soil carbon in the A horizon (but 

not soil pH) (Spearman correlation coefficients p<0.1, Figure B.8-B11). For some metals, such 

as Ca2+, Sr2+, Al3+, and Fe3+, there was an order of magnitude increase in concentrations 

extracted from the exchangeable fraction than the soluble fraction. In the exchangeable fraction, 

Al3+ and Fe3+ were strongly negatively correlated with soil pH in the A horizon and to a lesser 

extent in the B horizon (Spearman correlation coefficients p<0.1, Figure B.9-B.10). Here, soil 

pH ranges from 4.34-6.54 (median soil pH=5.1) in the A horizon and 4.84-6.28 (median soil 

pH=5.33) in the B horizon and in this pH range (pH 4-6) solubility of Al3+ and Fe3+ decreases as 

pH increases, less Al3+ and Fe3+ available for exchange onto mineral surfaces (increasing pH 

decreases the content of exchangeable and bioavailable aluminum in the soil). Conversely, Ca2+ 

and Sr2+ were significantly weakly (<0.39) positively correlated with soil pH in the A horizon 

and strongly (>0.59) positively correlated with pH in the B and C horizons, likely as a result of 

decreased competition with H+ for surface sites as pH increases (Spearman correlation  
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Figure 3.5 Concentrations (mol/kg soil) of select metals extracted from the soluble fraction (rainwater extraction) of each horizon (top: 
dark green, middle: dark brown, and bottom: light brown) of soils collected from four watersheds in Keystone Gulch, CO with 
varying %MPB (41%, 52%, 93%, 98%). 
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Figure 3.6 Concentrations (mol/kg soil) of select metals extracted from the exchangeable fraction (MgCl2 extraction) of each horizon 
(top: dark green, middle: dark brown, and bottom: light brown) of soils collected from four watersheds in Keystone Gulch, CO with 
varying %MPB (41%, 52%, 93%, 98%). 
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Figure 3.7 Concentrations (mol/kg soil) of select metals extracted from the organically bound fraction (Na-pyrophosphate extraction) 
of each horizon (top: dark green, middle: dark brown, and bottom: light brown) of soils collected from four watersheds in Keystone 
Gulch, CO with varying %MPB (41%, 52%, 93%, 98%). 
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coefficients p<0.1, Figure B.8-B.11). The weak correlation with pH in the A horizon compared to 

the B and C horizons was likely because of increased influence of the pH dependent sites of 

organic matter. Metals in the organically bound fraction, which were generally independent of 

horizon and watershed, follow the trend Al3+=Fe3+>Ca2+=K+> Mg2+>Mn2+>Sr2+>Zn2+ 

=Cu2+>Ni2+ (Figure 3.7, Figure B.12-B.15, Table B.5). The only exception to these trends was 

that for the A horizon Mn2+ was present in generally similar concentrations to Mg2+. For all 

watersheds the greatest concentration of metals in this fraction were observed in the A horizon, 

which was expected given the presence of more organic matter in the A horizon compared to the 

B and C horizons. 

3.3.3 Needle Leachate Mixing Model 

 Changes in total metal concentrations leached from litter with increasing %MPB 

(increased needle drop and decomposition) were assessed to better understand expected changes 

to metal storage and export. Heil et al. (2019a) observed that leached metal concentrations were 

generally greater from engelmann spruce needles than green lodgepole pine needles, except Al3+. 

Additionally, in the same study leached grey lodgepole pine needles were also observed to leach 

greater concentrations of Na+, Ca2+, Mg2+, Mn2+, Ni2+, and Al3+ than engelmann spruce needles 

or green lodgepole pine needles (grey lodgepole pine needles also leached greater concentrations 

of K+ and Sr2+ than green lodgepole pine needles). For our model input solutions, we assumed a 

ratio of 50% engelmann spruce and 50% lodgepole pine to represent the four watersheds from 

Keystone Gulch, CO. This was meant to represent total composition of the leachate from needle 

drop into soils for this area. Percent change of metal concentrations between 0%MPB and 

100%MPB were determined to assess what impact increasing lodgepole pine needle deposition 

with increasing %MPB will have on total metal concentrations leached from needle drop 
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(combination of lodgepole pine and engelmann spruce needles) (Table 3.2). The lower the 

percent change the less likely increasing %MPB will have on soil and water metal 

concentrations. The greatest percent changes between 0%MPB and 100%MPB were observed 

for Na+, Ni2+, Mn2+, Mg2+, Ca2+, and Al3+ (85%-44%), which follows with the observations from 

Heil et al. (2019a) that grey lodgepole pine needles leached greater concentrations of Na+, Ni2+, 

Mn2+, Mg2+, Ca2+, and Al3+ than engelmann spruce needles or green lodgepole pine needles and 

an increase in %MPB would dramatically increase the input of these metals into soils (Table 

3.2). The metals with the negative percent changes, implying a decrease in total leached metal 

concentrations with increasing %MPB, were Fe3+ and Cu2+ (Table 3.2). However, it should be 

noted that leached concentrations of Ni2+, Sr2+, and Cu2+ were low for all needle types indicating  

 

Table 3.2 Final solution composition (Ij) of mixing lodgepole pine needle leachate (Pj) (green 
(Pj,green) and grey (Pj,grey) needle leachate) and engelmann spruce needle leachate (Sj) to represent 
0%MPB and 100%MPB according to equation 1. Percent change of concentration of final 
solution composition was determined between 0%MPB and 100%MPB for assessing the control 
of needle type on leachate chemistry. 
 

 

variable 

(mol/g needle) 

  %MPB   % Change 

0-100%MPB 0 25 50 75 100 

Na+ 2.49E-06 6.08E-06 9.67E-06 1.33E-05 1.69E-05 85 

Ni2+ 9.38E-09 1.86E-08 2.78E-08 3.70E-08 4.62E-08 80 

Mn2+ 1.07E-05 1.49E-05 1.91E-05 2.32E-05 2.74E-05 61 

Mg2+ 3.37E-05 4.44E-05 5.51E-05 6.58E-05 7.65E-05 56 

Sr2+ 3.53E-07 4.31E-07 5.08E-07 5.86E-07 6.64E-07 47 

Ca2+ 3.54E-05 4.30E-05 5.06E-05 5.83E-05 6.59E-05 46 

Al3+ 5.29E-06 6.32E-06 7.35E-06 8.37E-06 9.40E-06 44 

Zn2+ 1.29E-06 1.41E-06 1.53E-06 1.64E-06 1.76E-06 27 

K+ 6.70E-04 7.01E-04 7.33E-04 7.64E-04 7.96E-04 16 

SO4
2- 3.73E-05 3.88E-05 4.03E-05 4.19E-05 4.34E-05 14 

F- 5.40E-05 5.59E-05 5.79E-05 5.99E-05 6.19E-05 13 

Cl- 1.34E-04 1.36E-04 1.39E-04 1.42E-04 1.44E-04 7 

Cu2+ 1.16E-07 1.12E-07 1.08E-07 1.05E-07 1.01E-07 -14 

Fe3+ 9.14E-07 8.83E-07 8.52E-07 8.20E-07 7.89E-07 -16 
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almost no change in leached metal concentrations compared to other metals and they would 

likely not impact soil and surface water concentrations to a significant degree. Also, the 

relatively low percent change of Zn2+ with increasing %MPB would also make it less likely to 

impact soil and surface water concentrations to a significant degree (Table 3.2). 

Overall, K+, Ca2+, Mg2+, Mn2+, SO4
2-, Na+, Cl-, F-, and Al3+ would be the metals most 

likely to impact metal concentrations in soil and water with increasing %MPB but Zn2+, Sr2+, 

Ni2+, Fe3+, and Cu2+ would not. Additionally, the low impact of increasing %MPB on Zn2+, Sr2+, 

Ni2+, Fe3+, and Cu2+ concentrations in leachates could be increased with increasing severity of 

spruce beetle epidemics given that Heil et al. (2019a) observed that green engelmann spruce 

needles leach similar if not greater concentrations of most metals than green lodgepole pine 

needles. 

3.5 Discussion 

 Outlet surface water quality (pH, SUVA, DOC, alkalinity, F-, Cl-, SO4
-2, K+, Na+, Mg2+, 

Ca2+, Sr2+, Mn2+, Fe3+, Ni2+, Cu2+, Zn2+, and Al3+) was compared between four similar 

watersheds with increasing %MPB. The only observed trends in surface water quality with 

increasing %MPB were for F-, Cl-, and Na+. It is possible that slight differences in geology 

between these watersheds could explain the observed trends of F-, Cl-, and Na+ with %MPB. All 

four watersheds contain felsic and interlayered felsic/hornblende gneiss (Xf, Xhf) (Figure 3.1). 

However, three out of four of the watersheds also contain biotite and/or sillmanitic biotite gneiss 

(Xb and Xsb) in varying amounts (these units are not mapped in the watershed with 52% MPB). 

Mineral sources of F- and Cl- include apatite, biotite, and hornblende in order of abundance of 

halogen (Sivasankar et al., 2016). Here, biotite and hornblende are of particular importance given 

that the three out of four watersheds would contain these minerals. That being said, differences in 
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geology between watersheds do not seem to account for F- and Cl- trends with %MPB. The 

watershed with 52% MPB contains no Xb or Xsb and still fits within the observed trends 

(increasing surface water F- and Cl- concentrations with increasing %MPB); in addition to the 

watershed with 41% MPB containing the geologic units Xb and Xsb yet yielding the least amount 

of surface water F-. It is more likely that surface water F-, Cl-, and Na+ concentrations increase 

with increasing %MPB as a function of their chemical behavior in soils and surface water. 

Additionally, the lack of geologic units Xb or Xsb for only the watershed with 52% MPB could be 

responsible for the generally greater TDS, SO4
-2, K+, Ca2+, and Mg2+ in this watershed compared 

to the other three watersheds, which exhibit increasing surface water concentrations of these 

variables with increasing %MPB (Figure 3.2-3.3). It is therefore possible that surface water TDS, 

SO4
-2, K+, Ca2+, and Mg concentrations may also show trends with %MPB. The control of 

increasing Na+, Ca2+, and Mg2+ concentration on increasing %MPB is further confirmed by the 

mixing model we created to represent total needle leachate input solutions to soil as a function 

of %MPB. Here we observed that Na+, Ca2+, and Mg2+ were among the water quality parameters 

most likely to yield trends with %MPB given their greater concentrations leached from grey 

lodgepole pine needles than engelmann spruce needles. Other water quality parameters including 

DOC, SUVA, pH, Fe3+, Mn2+, Ni2+, Cu2+, Zn2+, and Al3+ did not yield any trends with %MPB, 

although the watershed with 41%MPB did yield greater values of DOC, SUVA, Fe3+, Mn2+, Ni2+, 

Cu2+, Zn2+, and Al3+ and lower values of pH than the other three watersheds, which were all 

relatively similar (Figure 3.2-3.3). The lack of correlation between these water quality 

parameters and %MPB may be that the increased litter on the forest floor resulting from 

increased %MPB does not yield a strong enough signal at the watershed scale to overshadow the 

generally greater concentrations of DOC and similar concentrations of Fe3+, Cu2+, and Zn2+ 
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leached from the engelmann spruce needles compared to green and grey pine needles. This is 

important given our field site is equal lodgepole pine and engelmann spruce trees. Modeled 

increases in total needle leachate concentrations of Al3+ and Mn2+ with increasing %MPB should 

have been sufficient enough to lead to an increase in surface water concentrations of these 

elements with increasing %MPB, however, this was not observed. The mobility of these two 

metals are dependent on many factors including amount and type of organic matter and pH, 

which may work to dampen the concentrations of these metals in surface water. 

 The most distinct trends in concentration with increasing %MPB were observed for the 

anions F- and Cl-. Fluoride in soil solution may be either free or complex-forming F-. In acidic 

environments F- solubility is controlled by the formation of soluble Al-F complexes as free F- 

would electrostatically sorb to positively charged organic or inorganic surfaces. At pH>6.5 F- 

solubility is controlled by increasing negative surface charges. Although cation bridging in more 

alkaline pH soils would allow for F- sorption (Bar-Yoseph et al., 1988). At pH~5.5 the available 

Al3+ in soil solution would drop appreciably increasing the concentration of free F-. At pH>5.5 

the complexing capacity of organic matter towards Al3+ increases as a result of ionization of acid 

functional groups. Aluminum is the limiting factor in the formation of Al-F complexes, so free F- 

concentrations are often high especially as pH increases. Here, with a soil pH range of 4.3-6.6 

and a precipitous decrease in soluble and exchangeable Al3+ (perhaps becoming organically 

bound) of our soils at a pH~5 it is likely most F- in soils is free. Given this, an increase in F- 

going into the soils of our watersheds from increased deposition of lodgepole pine needles would 

result in a distinguishable trend with increasing %MPB. 

 Vegetation can contain a substantial pool of Cl- and growing vegetation can sequester Cl- 

while vegetation disturbance can release that Cl- (Lovett et al. 2005). Chloride is often 
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considered to act conservatively in soils and water and only sorb to soils through electrostatic 

mechanisms that are completely reversible (Mott 1981). Lovett et al. (2005) observed greater Cl- 

concentrations in the organic soil horizon in soils of the Hubbard Brook Experimental Forest in 

central New Hampshire, USA with a slight decline as the water moves down through the mineral 

soil. This suggests a source of Cl- in the organic soil horizons, perhaps leaching from 

decomposing litter, and a subsequent loss from the soil to surface water or plant uptake. This is 

likely the case for the watersheds examined here as we see an increasing concentration of surface 

water Cl- with increasing %MPB (increased needle drop) and the fact that we don't see as distinct 

of a trend as with Na+ and F- is likely a result of the more conservative nature of Cl- allowing it 

to leach out of soils at a higher rate. 

 In terms of soil chemistry, the most mobile fraction (rainwater extraction: soluble) 

generally yielded the lowest concentrations of metals (except Na+) followed by exchangeable 

and organically bound fractions. This soluble fraction is important because it represents a 

reservoir of material and provides an indication of the rapid pollution potential of the metals 

stored in the sediment (Rauret, 1998). The exchangeable and organically bound fractions 

represent metal pools that would be released over longer periods of time (especially organically 

bound) and from these we would expect to observe differences in soil concentrations of metals 

with increasing %MPB. Metals of particular interest in this study were Al3+, Cu2+, and Zn2+ 

given previously observed trends with mountain pine beetle kill at the tree scale (Zn2+ and Cu2+) 

(Bearup et al., 2014a) and in column experiments (Al3+, Cu2+, and Zn) scale (Mikkelson et al., 

2014). The large ranges of extracted metals from each horizon of each watershed make it 

difficult to ascertain trends in metal concentrations with increasing %MPB and is likely the result 

of heterogeneity between individual soil sampling sites (e.g. topographic, soil 
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texture/composition, vegetation characteristics). Therefore, trends between extracted metals (all 

extractions) and %MPB were not observed. 

 In the soluble fraction (considered the soil pore water), metals are weakly electrostatically 

associated with the soil (diffuse layer) and are therefore considered to be the most unstable and 

reactive phase. The lower concentration of Na+ in the A horizon compared to concentrations in 

the B and C horizons may be the result of Na+ being readily flushed from the A horizon into the 

surface water draining the watersheds. Sodium participates in weaker interactions with minerals 

and organic matter given its charge, low electronegativity, and greater ionic radius and would 

therefore be more readily removed from soils. Retention of cations in the soluble and 

exchangeable fraction of soils does vary with the particular cation. Cations with increasing 

positive charge and decreasing hydrated size are more tightly held (Sposito, 1989). Because there 

are no low-solubility salts of Na+, once Na+ is in solution it tends to remain in the dissolved 

form, although its mobility can be reduced by adsorption (McLennan and Murray 1999). This is 

likely why Na+ was the only metal observed in greater concentrations in the soluble fraction than 

the exchangeable fraction discussed below and why Na+ yielded a significantly increasing 

correlation with increasing %MPB in surface water. Its greater presence in the soluble fraction 

leads to loss as a result of altered hydrological regimes as %MPB increases. Increases in soil 

moisture under red and grey phase lodgepole pine trees (Clow et al., 2011; Mikkelson et al., 

2013a; Pugh and Gordon, 2013) and increases in groundwater contribution to surface flow 

(Wehner and Stednick, 2017) have been observed as less water is taken up by the dead or dying 

trees through interception and transpiration. This would essentially flush the soil of labile 

components, like Na+ and Cl- (and possibly F-). However, this may be a short-lived phenomenon 

as trees regenerate and grow transpiration rates will increase, decreasing groundwater or soil 
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moisture (Pugh and Gordon, 2013; Bearup et al., 2014b). Additionally, Na+ has an affinity for 

forming compounds with oxygen and the halogens, and all Na+ compounds in nature contain Cl-, 

F- or O2-. The solubility of Na+ coupled with its affinity for halogens may explain the correlation 

between increasing surface water concentrations of F-, Cl-, and Na+ and increasing %MPB. 

 The exchangeable fraction of the metal pool is released from weak binding sites on the 

mineral surfaces or organic materials (Peverill et al. 1999) and solution pH is a master variable 

for surface binding reactions of exchangeable metals (Smith, 1999). Greater concentrations of 

exchangeable Mn2+ and Zn2+ observed in the A horizon is likely a result of Mn2+ and Zn2+ having 

a greater affinity for exchangeable pH dependent sites of organic matter that is more prevalent in 

the A horizon. Greater concentrations of extractable Ca2+, Sr2+, Al3+, and Fe3+ were observed than 

in the soluble fraction and were observed to be pH-dependent. Concentrations of Al3+ and Fe3+ in 

soil are primarily affected by their acidity (Driscoll and Schecher 1988; Illmer et al. 2003; 

Simonsson 2000; van Hees et al. 2001) and availability for exchange onto surfaces decreases as 

pH increases. Conversely, exchangeable Ca2+ and Sr2+ increases with increasing pH likely as a 

result of decreased competition with H+ for surface sites as pH increases. 

 Association of the metals with organic matter can be explained by the high affinity of 

metals for humic substances that comprise much of this material. This is because of the 

formation of strong stable metal complexes that are important sinks for trace metals in soils 

(Sekhar et al., 2003). These metals are strongly complexed in soils and are released following 

degradation of the organic matter. The Na-pyrophosphate extraction is designed to dissolve the 

more soluble organic phase of the organic matter (humic and fulvic components). The 

effectiveness of Na-pyrophosphate in removing the soluble organic fraction of soils (and metals 

contained therein) has been attributed to its ability to chelate with Ca2+ and trivalent metal ions 
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(Al3+ and Fe3+) (Hall et al., 1996), which we observed in the greatest concentrations in this 

fraction. 

3.6 Conclusions 

 Increased tree mortality induced by MPBs did not result in significant changes in soil pH, 

C, or storage of metals within the soluble, exchangeable, and organically bound fractions of soil. 

Surface water quality parameters yielded a mixed response. Dissolved organic carbon, pH, Al3+, 

Fe3+, Cu2+, Ni2+, and Zn2+ were not dependent on %MPB, however, Na+, F-, and Cl- were 

observed to be strongly dependent on %MPB. Based on mixing models of engelmann spruce and 

lodgepole pine needle leachates, the dominant tree types of our watersheds, Ca2+, Mg2+, Mn2+, 

Na+, Ni2+, and Al3+ would be the metals most likely to yield trends with %MPB and not be 

dominated by leached concentrations from engelmann spruce needles. However, DOC, K+, Sr2+, 

Fe3+, Cu2+, and Zn2+ would be the least likely to yield a watershed scale signal in the soils and/or 

surface water related to %MPB. The lack of correlation between %MPB versus metal partioning 

in soils and specific water quality parameters is the result of not only heterogeneity between 

individual soil sampling sites but also the inability of increased lodgepole pine needle litter on 

the forest floor resulting from increased %MPB to yield a strong enough signal at the watershed 

scale to overshadow the generally greater leached concentrations from the engelmann spruce 

needles compared to green and grey lodgepole pine needles, especially green lodgepole pine 

needles. This indicates that changes in metal storage and export may only be observable in 

dominantly pine forests as opposed to equal dominance of pine and spruce (or other conifers). 

Also, these changes could be greater for spruce beetle epidemics than with what has been 

observed in watersheds with increasing severity of MPB infestation.  
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CHAPTER 4 

ELUCIDATING CONTROL OF FOREST COMPOSITION AND TREE DEATH EXTENT  

ON ZN, CU, AND AL EXPORTS FROM PINE BEETLE IMPACTED WATERSHEDS  

USING REACTIVE TRANSPORT MODELING 

 

Abstract 

 Recent outbreaks of the mountain pine beetle have affected an unprecedented quantity of 

trees in the Rocky Mountain West with some watersheds reaching 100% pine tree mortality. With 

increased tree mortality comes increased needle deposition and decomposition, which alters the 

flux of metals into the forest floor. With this altered input of metals, we would expect changes in 

metal fluxes out of impacted watersheds. However, while tree scale studies have shown changes 

in metal storage beneath killed pine trees, results at the watershed scale have been mixed. To 

investigate changes in hillslope effluent fluxes of Al3+, Cu2+, and Zn2+ with increasing tree 

mortality we used a two-dimensional reactive transport model with varied infiltration solution 

composition which represents a range of forest types (pine versus spruce) and degrees of beetle 

infestation (0-100% areal extent of infestation). The range of forest type was included as a result 

of previous observations that spruce needles leached greater Zn2+ and Cu2+ but less Al3+ than 

healthy and unhealthy pine needles. Our results demonstrate that changes in effluent metal fluxes 

are not only controlled by increasing tree mortality but also by the dominant tree type. In forests 

dominated by pine with high degrees of mountain pine beetle induced tree mortality we would 

expect measurable increases in Al3+ and Cu2+ but not for Zn2+, which would be retained by the 

watershed. This would not only lead to initial changes in water quality, as a result of increased 

effluent Al3+ and Cu2+, but also long-term impacts from delayed release of Zn2+ from the 

watershed. However, in forests of equal pine and spruce, changes in effluent metal fluxes would 

be less apparent and independent of degree of impact as a result of equal or greater influence 
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from spruce needles.  

4.1 Introduction 

Recent droughts and warmer temperatures associated with climate change have increased 

the magnitude and scale of forest mortality (Williams et al., 2010; Mitton and Ferrenberg, 2012), 

with continued widespread conifer loss predicted in the coming decades (McDowell et al., 2015). 

Such land cover disturbances, such as bark beetle induced tree mortality, can impact watershed 

hydrologic and biogeochemical cycles leading to altered water quality making source waters 

more difficult to treat (Mikkelson et al., 2013b, Smith et al., 2011, Tong and Chen, 2002). Recent 

outbreaks of the mountain pine beetle killed an unprecedented number of lodgepole pine trees in 

the Rocky Mountain West, with some watersheds reaching 100% tree mortality (Raffa et al. 

2008) and spruce beetle populations are currently expanding in regions of southwest Colorado 

(Colorado State Forest Service, 2017). Increased infestation leads to increased litter depth in 

infested stands (Klutsch et al., 2009; Griffin et al., 2011) as beetle-killed trees drop the majority 

of their needles at faster than the typical annual litterfall rates as the trees progress from green to 

red and finally grey phases of the outbreak, named for the needle color as the tree dies (Safranyik 

and Carrol, 2006). Decay of needle litter leaches carbon and metals into the soil matrix (Yavitt 

and Fahey, 1986) and in beetle infested watersheds, where needle drop is increased, altered soil 

chemistry and water quality would be expected.  

In column scale laboratory experiments flushing soils with pine needle leachate leads to 

increased Al3+ and Cu2+ release from the soil compared to rain water controls (Mikkelson et al., 

2014). Increased release of metals from the soils was most strongly correlated to dissolved 

organic carbon (DOC) and Ca2+ ions, suggesting the importance of organic complexation and 

base cation competition in mobilizing metals in beetle-impacted forests. In the same column 
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experiments, Zn2+ was retained by the soil columns, indicating possible long-term impacts of 

pine beetle infestation on watershed water quality (Mikkelson et al., 2014). At individual tree 

scales, metal mobility varied under pine trees that are healthy compared to those that have died 

as a result of pine beetle infestation. Consistent with column experiments, Zn2+ accumulated in 

soils under dead trees (Bearup et al. 2014a). At the watershed scale, total organic carbon 

concentrations in stream waters of mountain pine beetle impacted watersheds have been 

observed to increase through time during a period of pine beetle outbreak relative to unimpacted 

control watersheds (Mikkelson et al., 2013b). A continuation of that study revealed that 

significant shifts in surface water total organic carbon were dependent on degree of infestation 

(Brouillard et al., 2016). Furthermore, comparing water quality (DOC, anions, and select metals) 

between small adjacent watersheds with ~50% and ~100% areal pine beetle infestation and 50:50 

distribution of pine:spruce revealed no statistically significant difference in metal storage and 

export with increasing severity of pine beetle infestation, which was hypothesized to be a result 

of the inability of increased pine needle litter on the forest floor, resulting from increased pine 

beetle kill, to yield a strong enough signal at the watershed scale to overshadow the generally 

greater leached metal concentrations from the engelmann spruce needles compared to green and 

grey lodgepole pine needles (Heil et al., 2019b). Needles from different tree species and different 

stages of beetle infestations vary with higher leachable concentrations of Zn2+ and Cu2+ but 

lower concentrations of Al3+ from green engelmann spruce needles compared to both green and 

grey lodgepole pine needles. However, unhealthy (grey) lodgepole pine needles leached greater 

concentrations of Al3+, Zn2+, and Cu2+ than healthy (green) lodgepole pine needles. Additionally, 

DOC, F-, and Cl- leached out in higher concentrations from green engelmann spruce needles, 

which could lead to greater flushing of metals in dominantly spruce forests compared to 
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dominantly pine forests (Heil et al., 2019a). Trends in metal cycling observed in the 

aforementioned column and tree scale studies (Bearup et al. 2014; Mikkelson et al. 2014) would 

be controlled by pine needle chemistry (grey versus green) and would not reflect integration of 

leachate chemistry from other tree types. 

As pine beetle infestation progresses in time and space trees are not uniformly killed 

resulting in a range of changes to soil and water chemistry at the watershed scale that could mute 

the expected changes in effluent water quality. Furthering our understanding of what controls the 

integrated water quality signal in pine beetle infested watersheds by understanding the link 

between small scale (tree and column scale) and watershed scale studies is important to 

forecasting water quality changes and may be of interest to water providers and stakeholders. 

Here we test the hypothesis that a threshold of tree mortality (>50% areal infestation) must be 

exceeded, in addition to dominance of pine (>50%), before a pronounced change in water quality 

is observed. Additionally, spruce beetle infestations will result in more pronounced changes in 

water quality at lower thresholds of areal infestation and spruce dominance given the greater 

amounts of leached Cu2+, Zn2+, and DOC. To test these hypotheses, we conduct reactive transport 

simulations of shifts in metal loading and cycling over a range of forest types (dominance of pine 

versus spruce) and extent of areal pine beetle infestation using results from needle leaching 

experiments observed by Heil et al. (2019a). Three target metals, Al3+, Zn2+, and Cu2+, were 

selected for analysis based on observations from column (Mikkelson et al., 2014) and tree scale 

(Bearup et al., 2014a) studies discussed above.  

4.2 Governing equations of transport and geochemical processes 

Reactive transport simulations are performed using the software tool PFLOTRAN where 

flow and transport equations are coupled (Hammond et al., 2014). This overview is limited to the 
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processes used in our simulations, for a more thorough description of PFLOTRAN capabilities, 

refer to the PFLOTRAN quick guide (Lichtner et al., 2013). PFLOTRAN is an open source, 

massively parallel subsurface flow and reactive transport code written in object oriented, free 

formatted Fortran 2003. For a more detailed description of numerical modeling of reactive 

transport problems, refer to Bethke (2008). PFLOTRAN uses a cell-centered finite volume 

method to solve for flow in three dimensions. Flow boundary conditions corresponds to either 

specified pressure or specified volumetric (or mass) flux classified as Dirichlet, hydrostatic, 

seepage, or conductance. Transport boundary conditions include Dirichlet and Dirichlet zero-

gradient (specified concentration on inflow and zero diffusive gradient on outflow). PFLOTRAN 

uses a global implicit approach that requires solving a fully-coupled nonlinear system of 

equations where both reaction and transport are included in the Jacobian matrix derived for the 

Newton-Raphson method.  

The flow (Richard’s) equation is based on conservation of mass within a given soil 

volume and on the summation of fluxes in and out of this volume. The governing mass 

conservation equation is shown:  𝛿𝛿𝑡 (𝜙𝑠𝜌)  + 𝛻 · (𝜌𝑞)  =  𝑄𝑤          (4.1) 

and 𝑞 =  −𝑘𝑘𝑟(𝑠)µ 𝛻(𝑃 − 𝜌𝑔𝑧)          (4.2) 

Where, ϕ denotes porosity [-], s saturation [m3m−3], ρ water density [kmol m−3], q Darcy flux [m 

s−1], k intrinsic permeability [m2], kr relative permeability [-], µ viscosity [Pa s], P pressure [Pa], 

g gravity [m s−2], and z the vertical component of the position vector [m]. Water density and 

viscosity are computed as a function of temperature and pressure through an equation of state for 

water. The source/sink term Qw [kmol m−3 s−1] has the form: 
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 𝑄𝑤  =  𝑞𝑀𝛿(𝑟 − 𝑟𝑠𝑠)           (4.3) 

 

where qM denotes a mass rate in kg m-3 s-1, and rss denotes the location of the source/sink. The 

saturation function used here is the relationship developed by Van Genuchten (1980): 

𝑠𝑒  = [1 + (𝑝𝑐𝑝𝑐0)𝑛 ]−𝑚
                                          (4.4) 

where pc represents the capillary pressure [Pa] and p0
c is the air entry pressure [Pa]. The effective 

saturation se is defined by: 

       𝑠𝑒 = 𝑠−𝑠𝑟𝑠0−𝑠𝑟            (4.5) 

where sr denotes the residual saturation, and s0 denotes the maximum saturation. The quantities 

m, n and p0
c are empirical constants determined by fitting to experimental data. Relative 

permeability is defined using the Maulem formulation based on the van Genuchten saturation 

function, which is given by the expression: 

        𝑘𝑟  =  √𝑠𝑒{1 − [1 − (𝑠𝑒)1/𝑚]𝑚}2           (4.6) 

In this equation, m is related to n as follows: 𝑚 = 1 − 1𝑛 , 𝑛 = 11−𝑚           (4.7) 

For transport, PFLOTRAN employs the following governing equation for mass 

conservation, written for a single-phase system (i.e. water) in terms of independent aqueous 

primary (total) species: 

              𝛿𝛿𝑡 (𝜙𝑠 ∑ 𝛹𝑗) + 𝛻 · ∑ 𝛺𝑗 = 𝑄𝑗 − 𝛿𝑆𝑗𝛿𝑡           (4.8) 

Where ϕ is the porosity, s saturation, Ψj total component concentration, Ωj is total flux, Qj 

source/sink terms, Sj sorbed concentration. The quantity Ψj denotes the total concentration of the 

jth primary species defined by: 
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𝛹𝑗 = 𝐶𝑗 + ∑ 𝑣𝑗𝑖𝐶𝑖𝑁𝑥𝑘=1            (4.9) 

where Cj is the aqueous free ion concentration of the ith component, Ci is the concentration of 

secondary species i , νij is the stoichiometric coefficient associated with Cj , and Nx is the number 

of aqueous complexes of the ith component. The secondary species concentration Cj can be 

obtained from mass action laws corresponding to equilibrium conditions: 𝐶𝑖 = 𝐾𝑖𝛾𝑖 ∏ (𝛾𝑗𝐶𝑗)𝑣𝑗𝑖𝑗=1          (4.10) 

where Ki is the equilibrium coefficient for complex i and γj is the activities coefficient for 

reactant/product j, and Nc. The total flux Ωj is given by: 

Ω𝑗 = (𝑞 − 𝜙𝑠𝑫𝛻)𝛹𝑗  

Where q is defined previously in equation 4.2, and D is the hydrodynamic dispersion tensor, the 

combined contribution of molecular diffusion and dispersion for an isotropic medium: 𝑫 = 𝜏𝐷𝑚 + 𝛼𝑇|𝑣|𝛿𝑖𝑗 + (𝛼𝐿 − 𝛼𝑇) 𝑣𝑖𝑣𝑗|𝑣|        (4.11) 

where Dm is the molecular diffusion coefficient for a given chemical component, τ is the 

tortuosity, νi is the velocity component in the ith principle direction, αL is the longitudinal 

dispersivity, and αT is the transverse dispersivity.  

The geochemical processes used in our simulations are aqueous complexation and ion 

exchange. The aqueous complexation reactions are written in terms of components or master 

species and their stoichiometric coefficients (Morel and Hering, 1993) (Table 4.1). Interactions 

between major cations and heavy metals with the solid phase (soil) were simulated by means of 

cation exchange processes assuming local equilibrium on a single type of exchange site, which 

has been shown to adequately describe heavy metal transport in laboratory experiments 

(Voegelin, 2003). Equilibrium coefficients (Keq) and stoichiometries (α) were defined using the 
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Hanford thermodynamic database (Table 4.1) to compute both the free ion concentrations Cj and 

secondary species Ci, including DOC, which here a hypothetical model organic compound was 

selected to represent all DOC (Backstrom et al. 2003). Specific thermodynamic parameters for 

DOC complexes were obtained from Backstrom et al. (2003) (Table 4.1). Ion exchange reactions 

in PFLOTRAN may be represented either in terms of bulk- or mineral-specific rock properties, 

the former of which is utilized here. The bulk rock sorption site concentration ωα, in units of 

moles of sites per bulk sediment volume, is related to the bulk cation exchange capacity Qα (mol 

kg-1) by the expression:  𝜔𝛼 = 𝑁𝑠𝑖𝑡𝑒𝑉 = 𝑁𝑠𝑖𝑡𝑒𝑀𝑠 𝑀𝑠𝑉𝑠 𝑉𝑠𝑉 = (1 − 𝜙)𝜌𝑠𝑄𝑎       (4.12) 

with solid density ρs and porosity φ. The site concentration ωα is related to the sorbed 

concentrations Sα
k by the expression: 𝜔𝛼 = ∑ 𝑧𝑘𝑆𝑘𝛼𝑘          (4.13) 

In PFLOTRAN ion exchange reactions are expressed in the form with the reference cation 

denoted by Azj+
j on the right-hand side of the reaction: 

𝑧𝑗𝐴𝑖𝑧𝑖+ + 𝑧𝑖(𝜒𝛼)𝑧𝑗A𝑗 ↔ 𝑧𝑗𝐴𝑗𝑧𝑗+ + 𝑧𝑗(𝜒𝛼)𝑧𝑖A𝑖       (4.14) 

with valencies zj, zi of cations Azj+
j and Azi+

i, respectively, and exchange site χα on the solid 

surface. The cations Azi+
i,i≠j represents all other cations besides the reference cation. The 

corresponding mass action equation is given by: 

𝐾𝑖𝑗𝛼 = (𝜆𝑖𝛼𝑋𝑖𝛼𝛼𝑖 )𝑧𝑗 ( 𝛼𝑗𝜆𝑗𝛼𝑋𝑗𝛼)𝑧𝑖
       (4.15) 

 

with selectivity coefficient Kα
ij, solid phase activity coefficients λα, and mole fraction Xα of the 

cation of site α. 
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Table 4.1 Surface exchange and aqueous complexation equilibrium reactions considered for 
column and hillslope models. Selectivity coefficients for exchange reactions are based on 
PHREEQC database (Appello and Postema, 2005). pK values for inorganic aqueous 
complexation equilibrium reactions are from the PFLOTRAN hanford.dat thermodynamic 
database. Organic aqueous complexation pK values are based on Backstrom et al. (2003). 
 

Reaction Value 

Surface Exchange Selectivity Coefficient 

X- + Na+   XNa 1 (Reference Cation) 

2X- + Ca2+   X2Ca 0.6 

2X- + Mg2+   X2Mg 0.6 

3X- + Al2+   X3Al 0.7 

2X- + Cu2+   X2Cu 0.4 

2X- + Zn2+   X2Zn 0.5 

Aqueous Complexation pK 

Al3+ + DOC2+  AlDOC+ -6.5 

Al3+ + F-  AlF2+ -7.0 

Al3+ + 2F-  AlF2
+ -12.6 

Al3+ + 3F-  AlF3 -16.7 

Ca2+ + DOC2+  CaDOC -6.8 

Ca2+ + Cl-  CaCl+ 0.69 

Ca2+ + F-  CaF+ -0.68 

Ca2+ + SO4
2+  CaSO4 -2.11 

Cu2+ + DOC2+  CuDOC -6.1 

Cu2+ + F-  CuF+ -1.2 

Cu2+ + OH-  CuOH+ 7.29 

Cu2+ + SO4
2-  CuSO4 -2.36 

H+ + Cl-  HCl 0.67 

H+ + F-  HF -3.17 

H+ + SO4
2-  HSO4

- -1.98 

Mg2+ + DOC2+  MgDOC -8.0 

Mg2+ + Cl-  MgCl+ 0.13 

Mg2+ + F-  MgF+ -1.35 

Mg2+ + SO4
2-  MgSO4 -2.41 

Na+ + Cl-  NaCl 0.78 

Na+ + F-  NaF 0.99 

Na+ + SO4
2-  NaSO4

- -0.82 

H+ + OH-  H20 14 

Zn2+ + DOC2+  ZnDOC 4.7 

Zn2+ + F-  ZnF+ -1.15 

Zn2+ + OH-  ZnOH+ 8.96 

Zn2+ + SO4
2-  ZnSO4 -2.31 
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4.3 Numerical Simulations 

As described in the previous section the geochemical processes used in our simulations 

were aqueous complexation and ion exchange. Prior to developing a discretized grid 

representative of a hillslope model, column scale simulations were used to determine exchange 

parameters and DOC equilibrium constants by modeling results of pine needle leachate - soil 

column experiments conducted by Mikkelson et al. (2014). Hillslope simulations were then 

conducted to examine the impact of forest type (spruce versus pine) coupled with areal extent of 

beetle infestation on storage and export of Al3+, Zn2+, and Cu2+. Hillslope model parameters (e.g. 

exchange capacity, permeability, boundary conditions) were held constant for all simulations but 

infiltration chemistry was varied to represent degrees of tree mortality and dominant tree type. 

4.3.1 Infiltration Chemistry 

Infiltration chemistry for column and hillslope simulations was determined according to 

equations 4.16 and 4.17 where Ij is the concentration of element j in input solution applied to the 

top of the hillslope simulation. This input solution represents leachate chemistry of needles leached 

with rainwater in forests with various pine to spruce ratios and degrees of impact from pine beetles.   

      Ij =  Xp[Pj] + Ys[Sj]                (4.16) 

      [Pj] = Xgy[Pj,grey]*1.4 + Ygr[Pj,green].        (4.17) 

Ij is calculated as the sum of concentrations of element j derived from spruce needle decay (Sj) and 

pine needle decay (Pj) scaled by the proportion of pine to spruce trees, Xp and Ys, respectively. Xp 

and Ys both range from 0 to 1 and Xp + Ys = 1, thus representing a range of forest compositions 

from all pine (Xp=1) to all spruce (Ys=1). Concentrations of elements in the pine needle leachate 

(Pj) were also scaled for different degrees of pine tree death from 0 to 100% areal extent of pine 

beetle infestation (%PBK) using equation 4.17, where Pj,grey and Pj,green are the concentrations of 
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element j from leaching experiments of grey phase and green phase needles respectively. Xgy and 

Ygr are the relative fractions of healthy and dead trees in a watershed (where Xgy+Ygr=1) and the 

constant 1.4 accounts for the increased litter fall from grey phase trees relative to healthy pine trees 

(Klutsch et al., 2009). Here we determined final needle leachate solution composition with Xp and 

Xgy values of 0, 0.25, 0.50, 0.75, and 1.  

4.3.2 Column Scale Simulations  

Here we developed a column scale model that was compared with Mikkelson et al. 

(2014) experimental soil columns. Mikkelson et al. (2014) directly compared effluent Al3+, Cu2+, 

and Zn2+ concentrations from soil columns with differing infiltration chemistry: artificial 

rainwater (RW) and green pine needle leachate (PNG). Mikkelson et al. (2014) observed that 

with each pore volume that passed through their RW and PNG columns the effluent 

concentrations of Al3+, Zn2+, and Cu2+ all decreased gradually. In our simulations, effluent 

concentrations of Al3+ and Cu2+ were greater than in the infiltrating PNG solution but the 

opposite trend was observed for Zn2+.  

Two columns were numerically simulated, one representing a RW influent and one 

representing a PNG influent. The RW composition for the first column simulation was based on 

Davies et al. (2004) artificial rainwater. The PNG influent composition was calculated using the 

equations described in section 4.3.1 with contributions from 100% pine and 100% grey needles 

(i.e. 100%PBK). Water flow and transport of major cations (Na+, Mg2+, and Ca2+; note: K+ was 

omitted because of its ties to plant uptake, which is outside the scope of this study), heavy metals 

(Al3+, Cu2+, and Zn2+), and anions (F-, Cl-, and SO4
2-) were simulated for the two 10 cm 

homogenous sandy loam soil columns, with a solid density of 940 kg m-3, cation exchange 

capacity of 5 meq 100 g-1, and porosity of 0.64. Homogeneity was assumed in order to simplify 
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subsurface flow and transport to isolate impacts of infiltration chemistry on the flux of metals. 

While outside of the scope of this study, future work in this area would benefit from the inclusion 

of physical and chemical heterogeneity. The flow boundary conditions were specified as a 

Neumann flux into the column and a seepage face at the opposite end. We selected a mean 

annual infiltration rate of 50 cm yr−1 for the column based on mean annual precipitation rate of 

Breckenridge, CO. A Dirichlet transport boundary condition was applied for aqueous species at 

both ends of the simulated columns. Here we did not duplicate infiltration PNG concentrations of 

Al3+, Cu2+, or Zn2+ from Mikkelson et al. (2014) column experiments and did not seek to match 

observed effluent metal concentrations. Instead we sought to replicate observed trends (metal 

concentrations decreasing with each added pore volume and flushing of Cu2+ and Al3+ with 

retention of Zn2+). This is a simplified version of a column scale model to highlight the important 

processes and calibrate them with experimental data prior to upscaling to a hillslope model. 

4.2.3 Hillslope Model 

Column scale simulations were scaled up to a simple model representative of a 100-m long 

hillslope with flow in the x- and z-directions (Figure 4.1). This model was designed to represent 

a simple, one-meter deep single soil layer hillslope that is continuously exposed to annual 

average infiltration (50 cm y-1), of varied composition (described in section 4.3.1) from the 

surface to simulate infiltration and drive the flux of metals over a five-year period. Identical 

parameters of the bulk solid from the column scale simulations were used except for 

permeability, which here was varied for the x- and z-directions (10-10 and 10-11 m2, respectively). 

With a slope of 30 degrees, the bed elevation is higher on the left side (58.74 m) than the right 

(1.0 m) creating a natural pressure gradient in the system, resulting in the majority of flow 

occurring downhill to the eastern face of the hillslope. The flux of metals out of the hillslope was  
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Figure 4.1 Hillslope model domain 

 

tracked across this defined seepage face. The bottom and western faces of the hillslope were 

defined as no flow boundaries. The initial composition of the cation exchange sites and pore 

water in the simulations was determined by equilibrating the soil layer with the infiltration 

chemistry of unperturbed hillslope for each forest type (i.e. each forest type when %PBK=0). 

4.2.4 Sensitivity of the model parameters 

 In order to evaluate the sensitivity of metal flux out of the model domain to chosen model 

parameters, a suite of simulations were performed with a range of permeability, cation exchange 

capacity, infiltration rate, and degree of slope. The values selected were chosen to represent low, 

medium (generally the values used in all other simulations with the exception of slope), and high 

values for a sandy loam soil, in the case of cation exchange capacity and permeability, and for 

mountain hillslopes, in the case of slope and infiltration rate (precipitation) (Table 4.2). 
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Infiltration chemistry was based on the equations described in section 4.3.1 with contributions 

from 100% pine and 100% grey pine needles. 

 

Table 4.2 High, medium and low values of permeability (x-direction), exchange capacity, slope, 
and flux along hillslope used to assess the sensitivity of effluent metal fluxes of target metals to 
their magnitude. Highlighted values represent those used within column and hillslope 
simulations.  
 

Parameter High Medium Low 

Permeability (x-direction) 10-9 10-10 10-11 

Exchange Capacity (meq 100g-1) 100 47 15 

Slope (degrees) 30 20 10 

Infiltration Rate (cm y-1) 75 50 15 

 

4.3 Results 

 Instead of concentration, which is a measure of all of the mass present at some location, 

results will be presented as flux of target metals, which describes all of the mass that has moved 

irreversibly downstream of some point (e.g., Danckwerts, 1952; Kreft and Zuber, 1978; Parker 

and van Genuchten, 1984; Kim and Feyen, 2000; Kocabas and Islam, 2000). It is possible that at 

a given point concentrations would include solute mass that may be totally immobile or, 

according to classical Brownian motion diffusion, move upstream of that point. These 

possibilities led to the definition of the flux. The discrepancy between flux and concentration 

depends on dispersion versus mean advection and the mechanisms of solute retention (e.g., 

Parker and van Genuchten, 1984; Kreft and Zuber, 1978). Because we are interested in target 

metals exiting the hillslope, assessing flux was more appropriate than concentration. Here flux 

was calculated from the velocity of water and total concentration of the target metal across the 

eastern flow boundary. In addition, we determined the ratio of flux out (F) to flux in (F0) of the 

target metals (F/F0), which indicates whether the hillslope acts a sink (F/F0 <1) or a source 
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(F/F0 >1) for each of the target metals.  

Preliminary column simulations, with infiltration chemistry representing contributions 

from 100%Pine and 100%PBK, resulted in decreasing effluent Al3+, Cu2+, and Zn2+ flux through 

time as each pore volume of influent RW or PNG passed through the simulated columns. 

Similarly to the observations made by Mikkelson et al. (2014), the PNG was always a source of 

Al3+ and Cu2+ (F/F0>1) but retained Zn2+ (F/F0<1) (Figure 4.2). The simulated RW column was 

always a source of Al3+, Cu2+, and Zn2+ as a result of flushing (dilution and desorption) as there 

was no flux of these metals into the column. In general, the model predictions matched the 

observed trends from Mikkelson et al. (2014) column experiments allowing for upscaling of 

column scale model parameters to our hillslope domain.  

Parameters key to flow and transport (slope, permeability, cation exchange capacity, and 

infiltration rate) within the hillslope model were varied to assess their overall control on effluent 

fluxes of target metals. The resulting F/F0 of Al3+, Zn2+, and Cu2+ for each sensitivity simulation 

is listed in Table 4.3. Overall, variable infiltration rate yielded the greatest difference in effluent 

metal fluxes relative to infiltration fluxes of target metals, with at least an order of magnitude 

difference between the high (75 cm y-1) and medium (50 cm y-1) infiltration rates. Additionally,  

 

Table 4.3 Effluent fluxes relative in infiltration flux (F/F0) of Al3+, Zn2+, and Cu2+ based on high, 
medium and low values of permeability (x-direction), exchange capacity, slope, and flux along 
hillslope. Highlighted values represent F/F0 from column and hillslope simulations where 
highlighted values from Table 4.1 were used. 
 

Parameter 
Al3+ (F/F0) Zn2+ (F/F0) Cu2+ (F/F0) 

High Med Low High Med Low High Med Low 

Permeability 1.33 1.26 1.14 0.79 0.75 0.71 3.76 3.76 3.76 

Exchange 1.30 1.26 1.25 0.79 0.75 0.75 3.76 3.76 3.01 

Slope 1.26 1.44 0.86 0.75 0.96 0.13 3.76 3.76 2.26 

Infiltration Rate 17.9 1.26 0.89 9.39 0.75 0.57 25.6 3.76 2.56 
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Figure 4.2 Simulated effluent flux relative to flux in (F/F0) of (a) Al3+, (c) Zn2+, (e) Cu2+ from 
PNG (left) and effluent flux of (b) Al3+, (d) Zn2+, (f) Cu2+ from RW (right) columns. 
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Figure 4.3. Flux in of target metals, (a) Al, (b) Zn, and (c) Cu, in addition to (d) DOC, with 
increasing %Pine and increasing %PBK. 
 

the lowest slope (10 degrees) and infiltration rate (15 cm y-1) allowed for Al3+ to be retained by 

the hillslope instead of released, which was observed for all other sensitivity simulations. 

Previous column experiments and tree scale studies would fall into the 100%Pine and 

100%PBK category. We calibrated our hillslope model parameters to observations made in this 

category, but to expand our understanding of the control of forest composition and degree of 

beetle infestation on effluent metal fluxes we simulated transport over a range of %Pine (25-

100%) and areal extent of beetle infestation (0-100%). Before discussing effluent fluxes of 
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metals, it is important to understand how the infiltration chemistry changes with changes 

in %Pine and %PBK (Figure 4.3). Of the three target metals, Al3+ was the only one that increased 

with increasing %Pine while Cu2+ and Zn2+ decreased with increasing %Pine. Input fluxes of 

Al3+ and Zn2+ increase with increasing %PBK while Cu2+ decreased with increasing %PBK. 

Dissolved organic carbon, which participates in complexation reactions with the metals and is an 

important factor in increasing transport of some metals, decreased with increasing %Pine but 

increased with increasing %PBK.  

Effluent flux of Al3+, Cu2+, and Zn2+ for unperturbed (0%PBK) and perturbed (25-

100%PBK) hillslopes with 25-100%Pine are summarized in Table 4.4. For all hillslope 

simulations effluent fluxes of the target metals follow the trend of Al3+ > Zn2+ > Cu2+. With 

increasing %Pine effluent Al3+ fluxes increased but effluent fluxes of Zn2+ decreased, 

independent of %PBK (trend is observed for perturbed and unperturbed hillslopes). Effluent 

fluxes of Cu2+ were unique in that for unperturbed hillslopes they decreased with 

increasing %Pine but increased with increasing %Pine for perturbed hillslopes.  

 

Table 4.4 Effluent flux of Al3+, Cu2+, and Zn2+ for unperturbed (0%PBK) and perturbed (25-
100%PBK) hillslopes with 25-100%Pine. 
 

% 

Pine 

Al3+ (mol y-1) Cu2+ (mol y-1) Zn2+ (mol y-1) 

Unperturbed Perturbed Unperturbed Perturbed Unperturbed Perturbed 

25% 0.18 0.19-0.25 1.9x10-3 2.0-2.5x10-3 2.6x10-2 2.7-3.3x10-2 

50% 0.20 0.25-0.39 1.9x10-3 2.2-3.1x10-3 2.0x10-2 2.3-3.2x10-2 

75% 0.23 0.32-0.56 1.8x10-3 2.4-3.9x10-3 1.5x10-2 1.8-2.7x10-2 

100% 0.26 0.39-0.72 1.8x10-3 2.7-5.0x10-3 9.4x10-3 1.2-1.8x10-2 

 

4.4 Discussion 

4.3.1 Hillslope metal retention 

For our simulations, the hillslope was always a source of Al3+, flux out (F) was always  
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Figure 4.4 Simulated flux out relative to flux in (F/F0) of (a) Al3+, (b) Zn2+, and (c) Cu2+ versus 
%Pine for each %PBK. Gray shaded area represents conditions when the hillslope was as a 
source of the target metal (F>F0) and the white area represents conditions when the hillslope was 
a sink of the target metal (F0>F). Red outlined points indicate where previous column 
experiments (Mikkelson et al., 2014) and tree scale studies (Bearup et al., 2014a) would fit in the 
spectrum of %Pine and %PBK. 
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greater than the flux in (F0), independent of %Pine or %PBK (Figure 4.4a). More Al3+ is leached 

from pine than spruce needles, so as %Pine increased there is more Al3+ entering the hillslope  

 (Figure 4.3a). As %Pine increased the ratio of Al3+ flux out to flux in (F/F0) increased as a result 

of more Al3+ present to compete for complexation with DOC and F-. Cations Na+, Mg2+, and 

Ca2+ increased with increasing %Pine and %PBK, but only for >25%PBK (Figure C.1), and 

would outcompete Al3+ for surface exchange sites. 

For our simulations, Zn2+ was retained along the hillslope when there was >75%Pine 

contributing to the infiltration chemistry. However, as %Pine decreased (increasing %Spruce) the 

hillslope no longer retained Zn2+ and was instead a source of Zn2+. Greater flux of Zn2+ out of the 

hillslope was a result of greater Zn2+ flux entering the hillslope, as the contribution of healthy 

green pine needles decreased and was replaced by greater contributions from spruce needles, 

which leach greater amounts of Zn2+ into the hillslope. Forest composition (spruce versus pine) 

appears to exert a strong control over the flux of Zn2+ out of the hillslope and therefore spruce 

beetle infestations have the potential to more greatly impact water quality. In forests with  

<75%Pine, increasing %PBK also resulted in increased Zn2+ flux out relative to flux in. 

However, at 100%Pine, when the flux of Zn2+ entering the hillslope is the lowest, increased 

retention of Zn2+ with increasing %PBK occurs, corresponding to observations of Zn2+ behavior 

beneath grey phase pine trees made by Bearup et al. (2014a), which in our simulations would be 

representative of 100%Pine and 100%PBK, that Zn2+ was retained to a greater extent than under 

green phase pine trees (Figure 4.4b). 

The hillslope was consistently a source of Cu2+, independent of %Pine or %PBK. 

Flushing of Cu2+ along the hillslope did increase with increasing %Pine and %PBK, which 

corresponds to a decrease in Cu2+ flux into the hillslope with increasing %Pine and 
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increasing %PBK. As the flux of Cu2+ entering the hillslope decreases, Cu2+ was outcompeted 

for exchange sites by increased fluxes of Na+, Mg2+, and Ca2+ entering the hillslope in addition to 

Cu2+ being preferentially complexed with DOC (Figure 4.4c). 

4.3.2 Impact to effluent metal flux  

Effluent Al3+ increased with increasing %Pine and %PBK as a result of increased Al3+ 

entering the hillslope and lack of retention by the hillslope discussed previously. Effluent Cu2+ 

also increased with increasing %Pine and %PBK (Figure 4.5). The percent change of effluent 

Al3+, Zn2+, and Cu2+ between unperturbed hillslopes (0%PBK) and perturbed hillslopes (25-

100%PBK) increased with increasing %Pine and %PBK, the greater the %PBK the more 

dramatic the increase in target metal flux (Figure 4.5b,d,f). Effluent flux of Al3+ and Cu2+ 

reached as high as 200% greater than unperturbed hillslope simulations, while effluent flux of 

Zn2+ only reached 100% greater than unperturbed hillslope simulations (Figure 4.5a,c,e). Unlike 

Al3+ and Cu2+, effluent Zn2+ actually decreased with increasing %Pine, because of a reduction in 

Zn2+ entering the hillslope and increased retention by the hillslope. At lower %Pine, increased 

in %PBK have little impact on effluent flux of Zn2+ because the amount of Zn2+ leached from 

spruce needles is greater than that of green and grey pine needles. As %Pine increased %PBK 

begins to exert more control over the effluent flux of Zn2+ and it deviates more from the 

unperturbed hillslope case. Therefore, when more spruce is present effluent Zn2+ is controlled by 

dominant tree type and as %Pine increases becomes more controlled by %PBK. 

4.3.3 Potential implications of increased spruce beetle infestations 

To constrain potential impacts to water quality from increased spruce beetle infestations 

effluent metal fluxes were simulated assuming equations 4.16 and 4.17 but instead of pine, 

spruce was further subdivided into fractions of grey (Xgy) and green (Ygr) needle leachate.  
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Figure 4.5 Hillslope effluent (a) Al3+, (c) Zn2+, (e) Cu2+ versus %Pine alongside percent change 
in (b) Al3+, (d) Zn2+, (e) Cu2+ between perturbed (25-100%PBK) and unperturbed (%PBK=0) 
hillslope effluent fluxes. 
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Leachate chemistry of unhealthy spruce needles is unknown so here two endmembers of possible 

infiltration chemistry were simulated. The low endmember consists of all green spruce needle 

leachate with percent areal extent of spruce beetle infestation (%SBK) solely represented by an 

increase in needle litter deposition using the 1.4 multiplier. The high endmember consists of an 

assumed grey spruce needle leachate determined from the relationship between grey and green 

pine needle leachate. Generally, given these conditions, Al3+ and Zn2+ would increase between 

the low and high endmembers but Cu2+ would decrease (Figure 4.6) based on observed trends 

between green and grey pine needle leachate (Heil et al., 2019a). For the low and high 

endmembers, DOC, which participates in complexation reactions with the metals and is an 

important factor in increasing transport of some metals, decreased with increasing %Pine but 

increased with increasing %SBK. For the low endmember (contributions from all healthy spruce 

needles), Al3+ increased with increasing %Pine while Cu2+ and Zn2+ decreased with 

increasing %Pine. All three target metals increased with increasing %SBK. However, for the 

high endmember (estimated contributions from healthy and unhealthy spruce needles), initial 

fluxes of Al3+ and Zn2+ increased with increasing %SBK while Cu2+ decreased with 

increasing %SBK. Additionally, Zn2+ decreased with increasing %Pine while Al3+ decreased with 

increasing %Pine for %SBK>75% but increased with increasing %Pine for %SBK<75%. Here, 

flux of Cu2+ entering the hillslope decreased with increasing %Pine only when %SBK=0 

(unperturbed hillslope) and increased with %Pine for 25-100%SBK (perturbed hillslopes). 

Copper decreased with increasing %SBK because less Cu2+ was leached from grey than green 

pine needles and that trend was assumed for spruce needles.  

For all three target metals, the percent change in effluent flux of Al3+, Zn2+, and Cu2+ 

between unperturbed hillslopes (%SBK) and perturbed hillslopes (25-100%SBK) increased with  
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Figure 4.6 Flux in of target metals (a-b) Al3+, (c-d) Zn2+, and (e-f) Cu2+ with increasing %Pine 
and %SBK when using green spruce needle leachate chemistry (left side; low endmember) 
versus assumed grey spruce needle chemistry (right side; high endmember) based on relationship 
between grey and green pine needle chemistry.   
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increasing %Spruce and, for all but low-endmember Zn2+, increased with increasing %SBK 

(Figure 4.7). For low-endmember Zn2+ at 75%Spruce the percent change in effluent Zn2+ 

decreased with increasing %SBK and was negative (less Zn2+ leaving than before the hillslope 

was perturbed) as a result of low amounts of Zn2+ being strongly retained by the hillslope.  

To compare simulated changes in water quality between pine and spruce beetle 

infestations, observations were compared between similar percentages of the dominant tree type 

(i.e. observations from 25%Spruce were compared to observations from 25%Pine). Overall, the 

high and low endmembers of impacts to water quality from spruce beetle infestations (Figure 

4.7) bracket the simulated changes in water quality observed for pine beetle infestations (Figure 

4.5). This implies that if similar trends between unhealthy and healthy pine needles exists 

between unhealthy and healthy spruce needles then spruce beetle infestations could result in 

increased fluxes of select metals out of impacted watersheds.  

4.4 Conclusions 

Overall, changes, outside of natural variability, in effluent Al3+, Zn2+, and Cu2+ as a result 

of pine beetle infestations would only be significant in forests with higher %Pine and %PBK. In 

forests with less pine than spruce, increased Zn2+ and Cu2+ contributions to infiltration chemistry 

from spruce needles would lead to less apparent changes in effluent Zn2+ and Cu2+ with 

increasing %PBK. Dominant tree type in addition to severity of infestation would strongly 

control changes, if any, in water quality in impacted watersheds. Beyond pine beetle infestations, 

spruce beetle infestations may prove to be more detrimental to water quality. However, better 

constraints on needle leachate chemistry from unhealthy spruce needles is needed and is a much 

needed area of future work. Additionally, this study assumed constant infiltration to better 

understand fundamental behavior of the target metals in a hillslope with varied areal extent of  
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Figure 4.7 Percent change in effluent flux of target metals, (a-b) Al3+, (c-d) Zn2+, and (e-f) Cu2+ 
between unperturbed (0%SBK) and perturbed (5-100%SBK) hillslope effluent fluxes, with 
increasing %SBK when using green spruce needle leachate chemistry (left side; low endmember) 
versus assumed grey spruce needle chemistry (right side; high endmember) based on relationship 
between grey and green pine needle chemistry 
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infestation and dominant tree type but to further that knowledge transient infiltration should be 

examined to better understand water quality changes with time and infiltration rate, such as with 

rain events of varied magnitude and the transition between baseflow and spring runoff. From 

sensitivity analysis (section 4.2.4) of the variables of interest (permeability, exchange capacity, 

slope, and infiltration rate) we observed the greatest differences in F/F0 of the target metals for 

infiltration rate, especially the high infiltration rate. 

This study does not attempt to incorporate hydrologic changes as a result of increased 

beetle induced tree mortality. However, we attempt to put our observations in context of 

previously observed hydrologic changes. Previous studies suggest decreases in overall 

evapotranspiration (Chen et al., 2015) and increases in soil moisture (Clow et al., 2011; 

Mikkelson et al., 2013a; Pugh and Gordon, 2013) as a result of increased beetle induced tree 

mortality. These effects have been observed to result in increases in groundwater contribution to 

streamflow, as less water taken up by vegetation through interception and transpiration (Wehner 

and Stednick, 2017). Increases in soil moisture and groundwater may influence cycling of metals 

along a hillslope through changes in processes such as surface exchange and increased flushing 

of metals. As mentioned previously, as part of our sensitivity analysis, increasing the simulated 

infiltration rate alone increased the flushing of the target metals by an order of magnitude. Our 

hillslope simulations assume full saturation and constant hydrologic conditions independent of 

areal extent of pine beetle kill or dominant tree type. If soil moisture and groundwater 

contributions increase with increasing %PBK and this transition was included in our simulations 

we would expect increased flushing at higher %PBK but not necessarily at lower %PBK, where 

full saturation of the hillslope may not be reached, and the integrated signal drowns out the 

small-scale hydrologic changes.  
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CHAPTER 5 

CONCLUDING REMARKS 

 

 This research presented in this thesis collectively analyzes changes in metal input, 

storage, and export at the watershed scale that will occur with increasing severity of mountain 

pine beetle infestations. In addition, potential implications of increasing severity of spruce beetle 

infestations are proposed. Recent mountain pine beetle and spruce infestations have reached 

epidemic proportions as a result of warming temperatures and increasing amount and duration of 

droughts. With increasing severity of bark beetle infestations comes increasing needle drop and 

decomposition on the forest floor, which is an important source of potentially increased 

dissolved organic carbon and metals to beetle impacted watersheds. Needle leaching experiments 

presented here (Chapter 2) suggest that it is a combination of forest composition and severity of 

beetle kill that controls changes in watershed scale metal storage and export, which is further 

confirmed through reactive transport modelling of a hillslope with increasing severity of beetle 

infestation over range of forest compositions (pine versus spruce) (Chapter 4). For example, 

lodgepole pine needles consistently leached greater concentrations of Al3+ and increasing effluent 

Al3+ with increasing severity of mountain pine beetle infestations was expected. However, when 

comparing effluent Al3+ concentrations and storage of Al3+ within the soluble, exchangeable, and 

organically bound fractions of soil from four watersheds with equal pine and spruce populations 

and increasing severity of mountain pine beetle infestations, no statistically significant trend was 

observed (Chapter 3). In our reactive transport models there was less difference in effluent Al3+ 

between perturbed and unperturbed hillslopes in forests of equal pine and spruce, however, in 

forests that were dominated by pine the difference increased significantly. It is only in forests 
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where the tree population is dominantly pine where increasing severity of pine beetle infestations 

would measurably impact water quality and metal storage and export. As for other constituents 

of the needle leachates, engelmann spruce needles contributed greater concentrations of DOC, 

K+, Sr2+, Fe3+, Cu2+, and Zn2+ to soils than all phases of lodgepole pine needles. In forests 

containing spruce, the greater leached concentrations of the above metals and DOC may 

overpower any signal the increased amount of lodgepole pine needle drop to the forest floor may 

produce in MPB infested areas.  

Furthermore, the correlation between anions and DOC leached from lodgepole pine 

needles in conjunction with low SUVA values could result in increased solubility of metals with 

a rapid increase in metal loadings and return to baseline conditions in nearby streams, whereas 

engelmann spruce needle leachates yielded greater SUVA values, which would enable greater 

DOC and metal retention by soils. Areas impacted by the spruce beetle may experience lower 

initial impacts to metal and DOC concentrations of nearby streams, but the effects would be of 

longer duration as the watershed re-equilibrates itself to pre-infestation conditions. This has 

important implications for present and future spruce beetle infestations, which may result in 

more pronounced watershed scale changes in soil and water geochemistry than MPB 

infestations. However, better constraints on needle leachate chemistry from unhealthy spruce 

needles is needed to better constrain potential impacts to water quality resulting from spruce 

beetle infestations. 

 

 

 

 



    

83 

 

REFERENCES 

 

Adams, H. D. (2012) Ecohydrological consequences of drought- and infestation-triggered  
tree die-off: insights and hypotheses. Ecohydrology 5:145–159. 

 

Anderegg, W., Kane, J., and Anderegg, L. (2012) Consequences of widespread tree mortality  
triggered by drought and temperature stress. Nature Clim. Change 3:30–36. 

 

APHA (2005) Standard methods for the examination of water and wastewater, 21st edn.  
American Public Health Association, Washington, DC. 

 

Amman G. (1972) Mountain pine beetle brood production in relation to thickness of lodgepole  
pine phloem. Economic Entomology 65(1):138–139. 

 

Antoniadis, V. and Alloway, B. (2002) The role of dissolved organic carbon in the mobility of  
Cd, Ni and Zn in sewage sludge-amended soils. Environmental Pollution 117(3): 515- 
521. 

 

Appelo, C. and Postma, D. (2005) Geochemistry, Groundwater and Pollution. 2nd ed. CRC  
Press, Boca Raton. 

 

Arnell, N. (1999) Climate change and global water resources. Global Environmental Change  
9:S31-S49. 

 

Austin, A. (2011) Has Water Limited Our Imagination for Aridland Biogeochemistry? Trends in  
Ecology & Evolution 26 (5):229–35. 

 

Ayer W. and Kratochvil B. (1986) The Chemistry of the Blue Stain Fungi. Part 2. Some Essential   
Metal Levels of Diseased and Healthy Lodgepole Pine. Canadian Journal of Chemistry  
64:910–913. 

 

Backstrom, M., Nilsson, U., Hakansson, B., Allard, B., and Karlsson, S. (2003) Speciation of  
heavy metals in road runoff and roadside total deposition. Water Air and Soil Pollution  
147:343-366. 

 

Baken, S, Degryse, F, Verheyen, L, Merckx, R and Smolders, E (2011) Metal complexation  
properties of freshwater dissolved organic matter are explained by its aromaticity and by  
anthropogenic ligands. Environmental science & technology 45(7): 2584-2590. 

 

Bala, G., Caldeira, K., Wickett, M., Phillips, T., Lobell, D., Delire, C., and Mirin, A. (2007)  
Combined climate and carbon-cycle effects of large-scale deforestation. Proc. Natl. Acad.  
Sci. 104(16): 6550. 

 

Ball, J. and Nordstrom, D. (1991) User’s manual for WATEQ4F, with revised thermodynamic  
database and test cases for calculating speciation of major, trace , and redox elements in  
natural waters. U.S. Geological Survey, open-file report 91-183, Washington DC. 



    

84 

 

Bar-Yoseph, B., Afik, I., and Rivka, R. (1988) Fluoride sorption by montmorillonite and  
kaolinite. Soil Science. 45(3). 

 

Bearup, L., Mikkelson, K., Wiley J., Navarre-Sitchler, A., Maxwell, R., Sharp JO, & McCray  
JE (2014a) Metal Fate and Partitioning in Soils under Bark Beetle-Killed Trees. The  
Science of the Total Environment 496C:348–357. 

 

Bearup, L., Maxwell, R., Clow, D., and McCray, J. (2014b). Hydrological effects of forest  
transpiration loss in bark beetle-impacted watersheds. Nature Climate Change 481-486. 

 

Beggs, K. and Summers, R. (2011) Character and Chlorine Reactivity of Dissolved Organic  
Matter from a Mountain Pine Beetle Impacted Watershed. Environmental Science &  
Technology 45: 5717-5724. 

 

Beniston, M. (2003) Climate change in mountain regions: a review of possible impacts. Climate  
Change 59: 5-31. 

 

Berg, B. and Ekbohm, G. (1993) Decomposing needle litter in Pinus contorta (lodgepole pine)  
and Pinus sylvestris (scots pine) monocultural systems – is there a maximum mass loss?  
Scandinavian Journal of Forest Research 8:457-465. 

 

Berg, B. and Laskowski, R. (1997) Changes in nutrient concentration and nutrient release in  
decomposing needle litter in monocultural systems of Pinus contorta and Pinus sylvestris 
– a comparison and synthesis. Scandinavian Journal of Forest Research 12:113-121. 

 

Bethke, C. (2008) Geochemical and biogeochemical reaction modelling, volume 543. Cambridge  
University Press. Cambridge, UK. 

 

Beudert, B., Klöcking, B., and Schwarze, R. (2007) Impact of bark beetle infestation on the  
water and matter budget of a forested catchment. For. Hydrol. Res. Ger. Russ. 41– 63. 

 

Biederman, J. A. (2012) Multiscale observations of snow accumulation and peak snowpack  
following widespread, insect-induced lodgepole pine mortality. Ecohydrology 14(3). 

 

Bonan, G. (2008) Forests and climate change: forcings, feedbacks, and the climate benefits of  
forests. Science 320(5882):1444-1449. 

 

Brown, M. G. (2013) Evapotranspiration and canopy characteristics of two lodgepole pine  
stands following mountain pine beetle attack. Hydrol. Process.26(5). 

 

Brouillard, B., Dickenson, E., Mikkelson, K., Sharp, J., (2016) Water quality  following  
extensive beetle-induced tree mortality: Interplay of aromatic carbon  loading,  
disinfection byproducts, and hydrologic drivers. Sci. Total Environ. 572: 649–659. 

 

 

 



    

85 

 

Chen, F., Zhang, G., Barlage, M., Zhang, Y., Hicke, J., Meddens, A., Guangsheng, Z., Massman,  
W., and Frank, J. (2015) An observational and modeling study of impacts of bark beetle  
caused tree mortality on surface energy and hydrological cycles. American 
Meteorological Society 16. Christensen JB, Jensen DL and Christensen TH 1996. Effect 
of dissolved organic carbon on the mobility of cadmium, nickel and zinc in leachate 
polluted groundwater. Water Research 30(12): 3037-3049. 

 

Clarke, K. and Ainsworth, M. (1993) A method of linking multivariate community structure to  
environmental variables. Marine Ecology Progress Series 92(3):205-219. 

 

Clemente R. and Bernal M. (2006) Fractionation of Heavy Metals and Distribution of Organic  
Carbon in Two Contaminated Soils Amended with Humic Acids. Chemosphere  
64(8):1264–73. 

 

Clow, D., Rhoades, C., Briggs, J., Caldwell, M., and Lewis, W. (2011) Responses of Soil and  
Water Chemistry to Mountain Pine Beetle Induced Tree Mortality in Grand County,  
Colorado, USA. Applied Geochemistry 26:S174–S178. 

 

Collins, B., Rhoades, C, Hubbard, R, Battaglia, M (2011). Tree regeneration and future stand  
development after bark beetle infestation and harvesting in Colorado lodgepole pine  
stands. For Ecol Manage 261(11):2168–2175. 

 

Collins, B., Rhoades, C., Battaglia, M., and Hubbard, R. (2012). The effects of bark beetle  
outbreaks on forest development, fuel loads and potential fire behavior in salvage logged  
and untreated lodgepole pine forests. For Ecol Manage 284:260–268. 

 

Danckwerts, P. (1952) Continuous flow systems distribution of residence times, Chem. Eng. Sci.  
2(1):1–13. 

 

Davies, C., Ferguson, C., Kaucner, C., Krogh, M., Altavilla, N., Deere, D., and Ashbolt, N.  
(2004) Dispersion and Transport of Cryptosporidium Oocysts from Fecal Pats under  
Simulated Rainfall Events. Applied and Environmental Microbiology 70 (2):1151–1159. 

 

Driscoll, C. and Schecher, W. (1988) Aluminum in the environment. Metal Ions in Biological  
Systems, Volume 24, Aluminum and Its Role in Biology, Marcel Dekker, New York: 59- 
122. 

 

Dunnivant, F, Jardine, P, Taylor, D and McCarthy J (1992) Transport of naturally occurring  
dissolved organic carbon in laboratory columns containing aquifer material. Soil Science  
Society of America Journal 56(2): 437-444. 

 

Gibson, K. and Jorgensen, C. (2008) Mountain pine beetle impacts in high-elevation five-needle  
pines: current trends and challenges. United States Department of Agriculture Forest  
Health Protection R1-08-020. 

 

 



    

86 

 

Griffin, J., Turner, M., and Simard, M. (2011) Nitrogen Cycling Following Mountain Pine Beetle  
Disturbance in lodgepole Pine Forests of Greater Yellowstone. Forest Ecology and  
Management 261(6):1077–1089 

 

Griffin J. and Turner M. (2012) Changes to the N cycle following bark beetle outbreaks in two  
contrasting conifer forest types. Oecologia: 1-15. 

 

Guggenberger, G. and Christensen, B.T. (1994) Land-use effects on the composition of organic  
matter in particle-size separates of soil: Lignin and carbohydrate signature. European  
Journal of Soil Science 45(2). 

 

Hall, G., Vaive, J., and MacLaurin, A. (1996) Analytical aspects of the application of sodium  
pyrophosphate reagent in the specific extraction of the labile organic component of  
humus and soils. Journal of Geochemical Exploration 56(1):23-26.  

 

Heil, E. and Navarre-Sitchler A. (2019a) Needle decomposition as a source of carbon and metals  
to bark beetle impacted watersheds. In Prep. 

 

Heil, E., Navarre-Sitchler A., and Wanty, R. (2019b) Assessing changes to source water quality  
and metal storage and export in mountain pine beetle impacted watersheds. In Prep. 

 

Hammond, G., Lichtner, P., and Mills, R. (2014) Evaluating the performance of parallel  
subsurface simulators: An illustrative example with pflotran. Water Resources Research. 

 

Han, N. and Thompson, M. (1999) Copper-binding ability of dissolved organic matter derived  
from anaerobically digested biosolids. Journal of environmental quality 28(3): 939-944. 

 

Huber, C., Baumgarten, M., Göttlein, A., and Rotter, V. (2004) Nitrogen Turnover and Nitrate  
Leaching after Bark Beetle Attack in Mountainous Spruce Stands of the Bavarian Forest  
National Park. Water, Air, & Soil Pollution 4(2):391–414. 

 

Hubbard, R., Rhoades, C., Elder, K., and Negron, J. (2013) Changes in transpiration and foliage  
growth in lodgepole pine trees following mountain pine beetle attack and mechanical  
girdling. For Ecol Manage 29:312–317. 

 

Illmer, P, Obertegger, U, and Schinner, F. (2003) Microbiological properties in acidic forest soils  
with special consideration of KCl extractable Al. Water, Air and Soil Pollution. 148:3–14. 

 

Kabata-Pendias, A., Pendias, H. (2001) Trace Elements in Soils and Plants. CRC Press, New  
York. 

 

Kaňa, J., Tahovská, K., and Kopáček, J. (2012) Response of soil chemistry to forest dieback after  
bark beetle infestation. Biogeochemistry 113, 369–383. 

 

King, H., Curtin, G., Shacklette, H. (1984) Metal uptake by young conifer trees. U.S. Geological  
Survey Bulletin 1617. 



    

87 

 

Kim, D. and Feyen, J. (2000) Comparison of flux and resident concentrations in macroporous  
field soils. Soil Sci.165(8): 616–623. 

 

Klutsch, J., Negron, J., Costello, S., Rhoades, C., West, D., Popp, J. and Caissie, R. (2009) Stand  
characteristics and downed woody debris accumulations associated with a mountain pine  
beetle (Dendroctonus ponderosae Hopkins) outbreak in Colorado. Forest Ecol. Manag.  
258(5): 641-649. 

 

Knight, D., Fahey, T. and Running, S. (1985). Water and Nutrient Outflow From Contrasting  
Lodgepole Pine Forests in Wyoming. Ecol. Monogr. 55, 29–48. 

 

Kord, B., Mataji, A., and Babaie, S. (2010) Pine (Pinus eldarica Medw.) needles as indicator for  
heavy metals pollution. Int. J. Environ. Sci. Tech 7(1): 79-84. 

 

Kocabas, I. and Islam, M. (2000) Concentration and temperature transients in heterogeneous  
porous media: I. Linear transport, J. Petrol. Sci. Eng. 26:211–220. 

 

Kreft, A. and Zuber, A. (1978) On the physical meaning of the dispersion equation and its  
solutions for different initial and boundary conditions. Chem. Eng. 33: 1471–1480. 

 

Lichtner, P., Hammond, C., Lu, C., Karra, S., Bisht, Andre, B., Mills, R., and Kumar, J. (2013)  
Pflotran user manual. Technical report. 

 

Lovett, G., Likens, G., Buso, D., Driscoll, C., and Bailey, S. (2005) The biogeochemistry of  
chlorine at Hubbard Brook, New Hampshire, USA. Biogeochemistry. 72(2):191-232. 

 

Maness, H., Kushner, P. and Fung, I. (2013) Summertime climate response to mountain pine  
beetle disturbance in British Columbia. Nature Geosci. 6:65–70. 

 

McDowell, N., Williams, A., Xu, C., Pockman, W., Dickman, L., Sevanto, S., Pangle, R.,  
Limousin, J., Plaut, J., Mackay, D.S., Ogee, J., Domec, J., Allen, C., Fisher, R., Jiang, X.,  
Muss, J., Breshears, D., Rauscher, S., Koven, C. (2015) Multi-scale predictions of  
massive conifer mortality due to chronic temperature rise. Nat. Clim. Change 6:295–300. 

 

Meddens, A., Hicke, J., and Ferguson, C. (2012) Spatiotemporal Patterns of Observed Bark  
Beetle-Caused Tree Mortality in British Columbia and the Western United States.  
Ecological Applications 22(7):1876–1891. 

 

McLennan, S. and Murray, R. (1999) Geochemistry of Sediments. Encyclopedia of  
geochemistry, Dordrecht: Kluwer Academic. 

 

Mikkelson, K. et al. (2013a) Bark beetle infestation impacts on nutrient cycling, water quality  
and interdependent hydrological effects. Biogeochemistry 115, 1–21. 

 

 

 



    

88 

 

Mikkelson, K. M., Dickenson, E. R. V., Maxwell, R. M., McCray, J. E. & Sharp, J. O. (2013b)  
Water-quality impacts from climate-induced forest die-off. Nature Clim. Change 3, 218–  
222. 

 

Mikkelson, K., Bearup, L., Navarre-Sitchler, A., McCray, J., Sharp, J. (2014) Changes in metal  
mobility associated with bark beetle-induced tree mortality. Environmental Science:  
Processes & Impacts 16(6):1318-27.  

 

Mitton, J. and Ferrenberg, S. (2012) Mountain Pine Beetle Develops an Unprecedented Summer  
Generation in Response to Climate Warming. The American Naturalist 179(5):E163– 

E171. 
 

Morel, F., and Hering, J. (1993) Principles and applications of aquatic chemistry. John Wiley and  
Sons.  

 

Mott, C. (1981) Anion and ligand exchange. The chemistry of soil processes. John Wiley and  
Sons Ltd. Chichester, UK: 179-219.  

 

Nachar, N. (2008) The Mann-Whitney U: A test for assessing whether two independent samples  
come from the same distribution. Tutorials in Quantitative Methods for Psychology  
4(1):13-20. 

 

Nikolaou, A. and Lekkas, T. (2001) The Role of Natural Organic Matter during Formation of  
Chlorination By-products: A Review. Acta hydrochimica et hydrobiologica 29(23): 63-  
77. 

 

Nowack, B., Schulin, R., and Luster, J. (2010) Metal Fractionation in a Contaminated Soil after   
Reforestation: Temporal Changes versus Spatial Variability.  Environmental Pollution 158  
(10):3272–3278. 

 

NRCS (2013) Natural Resources Conservation Service, U.S. Department of Agriculture. Web  
Soil Survey. http://websoilsurvey.nrcs.usda.gov Accessed 3 Dec. 2013 

 

Parker, J. and van Genuchten, M. (1984), Flux-averaged and volume-averaged concentrations in  
continuum approaches to solute transport. Water Resour. Res. 20(7): 866–872 

 

Parkhurst, D. and Appelo, C. (2013) Description of Input and Examples for PHREEQC Version  
3-A Computer Program for Speciation, Batch-Reaction, One-Dimensional Transport, and  
Inverse Geochemical Calculations. In: Techniques and Methods 6-A43, 497. U.S. 
Geological Survey, Denver, CO. 

 

Peet, R. (1988) Forests of the Rocky Mountains. Pages 64-101 in: M. G. Barbour and W. D.  
Billings, editors. North American Terrestrial Vegetation. Cambridge University Press,  
New York. 

 

 



    

89 

 

Peverill, K., Sparrow, L., and Reuter, D. (1999) Soil Analysis: An Interpretation Manual.  
Canberra: CSIRO Publishing,  875 p.    

 

Piao, S., Friedlingstein, P., Ciais, P., Zhou, L., and Chen, A. (2006) Effect of climate CO2  
changes on the greening of the Northern Hemisphere over the past two decades. Geophys.  
Res. Lett. 33(L23402). 

 

Preston, C., Nault, J., and Trofymow, J. (2009) Chemical changes during 6 years of  
decomposition of 11 litters in some Canadian forest sites. Ecosystems 12(7):1078-1102. 

 

Pugh, E. and Small, E. (2011). The impact of pine beetle infestation on snow accumulation and  
melt in the headwaters of the Colorado River. Ecohydrology 5(4):467–477. 

 

Pugh, E. and Gordon, E. (2013) A conceptual model of water yield effects from beetle-induced  
tree death in snow-dominated lodgepole pine forests. Hydrol. Process. 27, 2048–2060. 

 

Qualls, R. and Haines, B. (1991) Geochemistry of dissolved organic nutrients in water  
percolating through a forest ecosystem. Soil Science Society of America Journal 55(4):  
1112-1123. 

 

Raffa, K., Aukema, B., Bentz, B., Carroll, A., Hicke, J., Turner, M., and Romme, W. (2008)  
Cross-Scale Drivers of Natural Disturbances Prone to Anthropogenic Amplification: The  
Dynamics of Bark Beetle Eruptions. BioScience 58(6):501–517.  

 

Rauret, G. (1998) Extraction procedures for the determination of heavy metals in contaminated  
soil and sediment. Talanta. 46(3):449-55. 

 

Rhoades, C. (2013). Biogeochemistry of beetle-killed forests: explaining a weak nitrate response.  
P. Natl. Acad. Sci. U. S. A. 110, 1756–60. 

 

Safranyik, L. (1971). Some characteristics of spatial arrangement of attacks by the mountain pine  
beetle, Dendroctonus ponderosae (Coleoptera: Scolytidae), on lodgepole pine. Canadian  
Entomology 103:1607–1625. 

 

Safranyik, L., & Carroll, A. L. (2006). The biology and epidemiology of the mountain pine  
beetle in lodgepole pine forests. In L. Safranyik & B. Wilson (Eds.), The Mountain Pine  
Beetle: A Synthesis of Biology, Management and Impacts on Lodgepole Pine (pp. 3–66).  
Victoria, BC. 

 

Sekhar, C., Chary, N., Kamala, C., and Aparna, V. (2003) Determination of trace metals in sea  
water by ICP-MS after matrix separation. Acta Chimica Slovencia 50(3). 

 

Sibold, J. (2007). Influences of surface fire, mountain pine beetle, and blowdown on lodgepole  
pine stand development in the northern Colorado Front Range. Ecol Appl 17(6):1638– 

1655. 
 



    

90 

 

Simonsson, M. (2000) Interactions of aluminum and fulvic acid in moderately acid solutions:  
stoichiometry of the H+/Al3+ exchange. European Journal of Soil Science. 51:655–666. 

 

Singer, M. and Munns, D. (2006) Soils: An Introduction. Prentice Hall. 
 

Sitch, S., Brovkin, V., von Bloh, W., van Vuuren, D., Eickhout, B. (2005) Impacts of future land  
cover changes on atmospheric CO2 and climate. Global Biogeochem. Cycles 19(2). 

 

Sivasankar, V., Darchen, A., Omine, K., and Rathinagiri, S. (2016) Fluoride: A world ubiquitous  
compound, its chemistry, and ways of contamination. Surface modified carbons as  
scavengers for fluoride from water: 5-32. 

 

Smith, E., Naidu, R., and Alston, A. (1999) Chemistry of arsenic in soils: Sorption of arsenate  
and arsenite by four Australian soils. Journal of Environmental Quality 28(6):1719-1726. 

 

Smith, H.G., Sheridan, G.J., Lane, P.N.J., Nyman, P., and Haydon, S., (2011) Wildfire effects  
on water quality in forest catchments: A review with implications for water supply. J.  
Hydrol. 396:170–192 

 

Snyder, P., Delire, C., Foley, A. (2004) Evaluating the influence of different vegetation biomes  
on the global climate. Climate Dynamics 23(3):279-302. 

 

Sposito, G. (1989) The Chemistry of Soils. Oxford University Press. 
 

Swietlik, J. and Sikorska, E. (2005) Characterization of natural organic matter fractions by high  
pressure size-exclusion chromatography, specific UV absorbance and total luminescence  
spectroscopy. Polish J. of Environ. Studies 15:145-153. 

 

Tessier, A., Campbell, P., and Bisson, M. (1979) Sequential Extraction Procedure for the  
Speciation of Particulate Trace Metals. Analytical Chemistry 51(7):844–851. 

 

Tokuchi, N., Ohte, N., Hobara, S., Kim, S., and Masanori, K. (2004) Changes in Biogeochemical  
Cycling Following Forest Defoliation by Pine Wilt Disease in Kiryu Experimental  
Catchment in Japan. Hydrological Processes 18(14):2727–2736. 

 

Tong, S. and Chen, W. (2002) Modeling the relationship between land use and surface water  
quality. J. Environ.Manage. 66:377–393. 

 

Xiong, Y., D’Atri, J., Fu, S., Xia, H,. and Seastedt, T. (2011) Rapid Soil Organic Matter Loss  
from Forest Dieback in a Subalpine Coniferous Ecosystem. Soil Biology and  
Biochemistry 43(12):2450–2456. 

 

Wehner, C. and Stednick, J. (2017) Effects of mountain pine beetle-killed forests on source water  
contributions to streamflow in headwater streams of the Colorado Rocky Mountains.  
Front. Earth Sci. 11(3):496-504. 

 



    

91 

 

Weishaar, J., Aiken, G., Bergamaschi, B., Fram, M., Fujii, R., and Mopper, K. (2003) Evaluation  
of specific ultraviolet absorbance as an indicator of the chemical composition and  
reactivity of dissolved organic carbon. Environ. Sci. Tech. 37:4702-4708. 

 

van Hees, P., Lundstöm, U., Danielsson, R., and Nyberg, L. (2001) Controlling mechanisms of  
aluminium in soil solution—an evaluation of 180 podzolic forest soils. Chemosphere.  
45:1091–1101. 

 

Violante, A., Krishnamurti G., Pigna, M. (2008) Mobility of trace elements in soil environments.  
In: Violante A, Huang PM, Gadd GM, editors. Biophysico-chemical processes of metals  
and metalloids in soil environments. Hoboken: Wiley;  p. 169–213. 

 

Violante A. (2013) Elucidating mechanisms of competitive sorption at the mineral/water  
interface. In: Sparks DL, editor. Adv Agr; p. 111–76. 

 

Voegelin, A. and Kretzschmar, R. (2003) Modelling sorption and mobility of cadmium and zinc  
in soils with scales exchange coefficients. Europ. J. Soil Sci. 54:387-400. 

 

Williams, A., Allen C., Millar C., Swetnam T., Michaelsen J., Still C., and Leavitt S. (2010)   
Forest Responses to Increasing Aridity and Warmth in the Southwestern United States.   
Proceedings of the National Academy of Sciences of the United States of America 
107(50):21289–94. 

 

Yavitt J. and Fahey T. (1986) Litter Decay and Leaching from the Forest Floor in Pinus Contorta   
(lodgepole Pine) Ecosystems. The Journal of Ecology:525–545. 

 

Zimmermann, L., Moritz, K., Kennel, M., and Bittersohl, J. (2000) Influence of bark beetle   
infestation on water quantity and quality in the Grosse Ohe catchment(Bavarian Forest  
National Park). Silva Gabreta 4, 51–62. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

92 

 

APPENDIX A 

SUPPLEMENTAL INFORMATION TO CHAPTER 2 

 

Table A.1 SUVA (L/ mg m) values and select metals (mol/g needles) and DOC (mg/g needles) 
concentrations leached from engelmann spruce and lodgepole pine needles from the tops (darker 
brown and blue) and bottoms of drainages after 48 h. 
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Table A.2 Mann Whitney U-test results for DOC, SUVA, F-, Cl-, and SO4
2- of needle leachate 

chemistry of engelmann spruce versus lodgepole pine 

 
 DOC SUVA F- Cl- SO4

2- 

p-value 2.9E-13 4.07E-04 0.11 2.3E-04 0.24 

U statistic 16 186 304 170 333 

Difference in Medians -251 -0.25 -0.87 -3.71 -0.29 

 

Table A.3 Mann Whitney U-test results for Na+, K+, Ca2+, Mg2+, and Sr2+ of needle leachate 
chemistry of engelmann spruce versus lodgepole pine 

 

 Na+ K+ Ca2+ Mg2+ Sr2+ 

p-value 0.51 1.6E-13 0.007 0.003 7.8E-11 

U statistic 369 14 236 221 41 

Difference in Medians -4.67E-05 -12.950 -0.379 -0.441 -0.013 

 

Table A.4 Mann Whitney U-test results for Al3+, Fe3+, Mn2+, Cu2+, Ni2+, and Zn2+ of needle 
leachate chemistry of engelmann spruce versus lodgepole pine 

 

 Al3+ Fe3+ Mn2+ Cu2+ Ni2+ Zn2+ 

p-value 2.6E-05 0.081 2.4E-04 0.11 0.025 1.2E-07 

U statistic 672 296 178 513 281 92 

Difference in Medians 0.11 -0.008 -0.237 0.001 -1.9E-05 -0.04 

 

Table A.5 Mann Whitney U-test results for DOC, SUVA, F-, Cl-, and SO4
2- of needle leachate 

chemistry of engelmann spruce and lodgepole pine collected from top versus bottom of drainage 

 
Needle Type  DOC SUVA F- Cl- SO4

2- 

Spruce 

p-value 0.077 0.75 0.51 0.79 0.79 

U statistic 141 196 234.5 219.5 198.5 

Difference in Medians -93 -0.03 0.48 0.12 -0.09 

Pine 

p-value 0.016 0.79 0.025 0.031 0.082 

U statistic 17 44 19 20 25 

Difference in Medians -49.1 -0.033 -1.44 -0.59 -0.56 

 

Table A.6 Mann Whitney U-test results for Na+, K+, Ca2+, Mg2+, and Sr2+ of needle leachate 
chemistry of engelmann spruce and lodgepole pine collected from top versus bottom of drainage 

 
Needle Type  Na+ K+ Ca2+ Mg2+ Sr2+ 

Spruce 

p-value 0.48 0.042 0.65 0.65 0.092 

U statistic 183 287 191 191 144 

Difference in Medians -2.3E-05 4.96 -0.096 -0.117 -0.006 

Pine 

p-value 0.601 0.012 0.016 0.002 0.020 

U statistic 42 16 17 9 18 

Difference in Medians -6.8E-05 -4.05 -0.55 -0.56 -0.001 
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Table A.7 Mann Whitney U-test results for Al3+, Fe3+, Mn2+, Cu2+, Ni2+, and Zn2+ of needle 
leachate chemistry of engelmann spruce versus lodgepole pine collected from top versus bottom 
of drainage 

 
Needle 

Type 
 Al3+ Fe3+ Mn2+ Cu2+ Ni2+ Zn2+ 

Spruce 

p-value 0.95 0.001 0.005 0.86 0.32 0.054 

U statistic 206 82 102 202 244.5 135 

Difference in Medians -0.001 -0.018 -0.31 -1.9E-05 1.9E-05 -0.025 

Pine 

p-value 0.678 0.025 0.098 0.671 0.287 0.020 

U statistic 54 19 26 54 37 18 

Difference in Medians 0.036 -0.013 -0.15 0.001 -7.0E-05 -0.009 

 

Table A.8 SUVA (L/ mg m) values and select metals (mol/g needles) and DOC (mg/g needles) 
concentrations leached from engelmann spruce from DC and KG watersheds after 48 h 

 

 
 

Table A.9 Mann Whitney U-test results for DOC, SUVA, F-, Cl-, and SO4
2- of needle leachate 

chemistry of engelmann spruce for needles collected from KG versus DC catchments 

 
 DOC SUVA F- Cl- SO4

2- 

p-value 0.944 0.506 0.009 0.943 0.446 

U statistic 171 198 82 177 147 

Difference in Medians -4.7E-06 0.036 -1.329 2.43E-05 -0.212 

 

Table A.10 Mann Whitney U-test results for Na+, K+, Ca2+, Mg2+, and Sr2+ of needle leachate 
chemistry of engelmann spruce for needles collected from KG versus DC catchments 

 

 Na+ K+ Ca2+ Mg2+ Sr2+ 

p-value 0.229 0.975 0.303 0.164 0.924 

U statistic 190 248 295 312 241 

Difference in Medians -0.049 5.17E-05 0.178 0.296 -7.06E-06 
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Table A.11 Mann Whitney U-test results for Al3+, Fe3+, Mn2+, Cu2+, Ni2+, and Zn2+ of needle 
leachate chemistry of engelmann spruce for needles collected from KG versus DC catchments 

 

 Al3+ Fe3+ Mn2+ Cu2+ Ni2+ Zn2+ 

p-value 8.4E-07 0.195 0.767 0.018 2.13E-07 0.274 

U statistic 327 220 185 221 7 135 

Difference in Medians 0.050 0.005 0.011 0.001 -0.002 -0.014 

 

Table A.12 8 hour (2 hour increment) HG pine leachate chemistry data (DOC and metals in units 
of mol/g needles and SUVA in units of L/mg m) 
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Table A.13 16 hour (4 hour increment) HG pine leachate chemistry data (DOC and metals in 
units of mol/g needles and SUVA in units of L/mg m) 
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Figure A.1 Spearman correlation matrix of geochemical parameters for KG engelmann spruce 
needle leachates. Red x's indicate correlation coefficients with p<0.1 and strength of correlation 
is indicated by color (white: very weak to weak, light blue or pink: moderate (positively and 
negatively, respectively), and dark blue or pink: strong). 
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Figure A.2 Spearman correlation matrix of geochemical parameters for KG lodgepole pine 
needle leachates. Red x's indicate correlation coefficients with p<0.1 and strength of correlation 
is indicated by color (white: very weak to weak, light blue or pink: moderate (positively and 
negatively, respectively), and dark blue or pink: strong). 
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Figure A.3 Spearman correlation matrix of geochemical parameters for 8 h HG pine needle 
leaching experiments. Red x's indicate correlation coefficients with p<0.1 and strength of 
correlation is indicated by color (white: very weak to weak, light blue or pink: moderate 
(positively and negatively, respectively), and dark blue or pink: strong). 
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Figure A.4 Spearman correlation matrix of geochemical parameters for 16 h HG pine needle 
leaching experiments. Red x's indicate correlation coefficients with p<0.1 and strength of 
correlation is indicated by color (white: very weak to weak, light blue or pink: moderate 
(positively and negatively, respectively), and dark blue or pink: strong). 
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APPENDIX B 

SUPPLEMENTAL INFORMATION TO CHAPTER 3 

 

Table B.1 pH, conductivity, TDS, alkalinity, DOC, SUVA, F-, Cl-, SO4
2- results for water sample 

results taken over time from four watersheds of Keystone Gulch with varying %MPB (41%, 
52%, 93%, and 98%) 
 

Date 
Beetle 

Kill 
pH 

Cond TDS Alk DOC SUVA F- Cl- SO4
2- 

µS/m ppm 
ppm 

CaCO3 
ppm L/mg m mol/L mol/L mol/L 

9/26/2015 98 8.0 82 41 17 2.3 1.9 1.7E-05 8.3E-06 3.9E-05 

9/26/2015 93 7.9 66 33 17 1.6 1.6 9.8E-06 1.0E-05 4.1E-05 

9/26/2015 52 8.0 93 47 20 1.8 1.7 3.8E-06 5.8E-06 6.1E-05 

9/26/2015 41 7.8 50 25 16 3.9 3.5 2.4E-06 3.6E-06 3.0E-05 

11/7/2015 98 7.4 99 49 20 2.0 2.0 1.8E-05 1.1E-05 4.0E-05 

11/7/2015 93 7.6 81 40 29 2.8 1.0 1.1E-05 1.2E-05 4.3E-05 

11/7/2015 52 7.9 119 49 29 1.8 1.9 3.7E-06 7.4E-06 5.3E-05 

11/7/2015 41 7.7 61 30 18 3.2 5.1 2.6E-06 7.1E-06 2.8E-05 

6/1/2016 93 7.4 51 25 12 3.6 2.5 1.0E-05 1.2E-05 3.0E-05 

6/1/2016 52 7.6 73 37 13 3.1 4.1 3.1E-06 5.9E-06 3.8E-05 

6/1/2016 41 6.8 45 23 12 8.6 3.9 1.9E-06 5.8E-06 2.0E-05 

6/26/2016 98 7.4 61 30 11 3.0 2.5 1.4E-05 1.1E-05 2.4E-05 

6/26/2016 93 7.6 52 26 12 1.8 1.6 9.7E-06 8.0E-06 2.6E-05 

6/26/2016 52 7.8 76 38 13 2.3 2.2 3.7E-06 6.8E-06 4.0E-05 

6/26/2016 41 7.1 37 19 12 6.1 4.3 2.7E-06 4.0E-06 2.0E-05 

7/12/2016 98 7.4 66 33 24 2.5 2.4 1.6E-05 1.1E-05 2.8E-05 

7/12/2016 93 7.2 56 28 22 1.6 1.6 1.0E-05 1.0E-05 3.0E-05 

7/12/2016 52 7.7 84 42 33 2.1 1.9 4.2E-06 4.6E-06 4.3E-05 

7/12/2016 41 7.3 42 21 14 4.8 3.9 1.9E-06 4.0E-12 1.5E-05 

7/12/2016 41 7.0 39 19 14 4.8 3.8 1.4E-11 4.1E-06 1.3E-05 

7/28/2016 98 7.4 71 35 27 2.5 2.3 1.4E-05 8.2E-06 2.5E-05 

7/28/2016 93 7.3 57 29 22 1.6 1.5 8.8E-06 7.0E-06 2.0E-05 

7/28/2016 52 7.7 85 42 34 1.8 2.5 5.3E-08 4.0E-12 3.8E-05 

7/28/2016 41 7.2 43 22 16 4.1 4.1 2.0E-06 4.8E-06 1.4E-05 

8/25/2016 98 7.5 75 36 27 2.5 3.1 1.7E-05 1.1E-05 4.3E-05 

8/25/2016 93 7.5 63 31 17 1.9 2.4 1.3E-05 1.5E-05 3.8E-05 

8/25/2016 93 7.5 63 31 17 1.7 2.4 1.1E-05 1.1E-05 3.8E-05 

8/25/2016 52 7.6 89 44 20 2.8 2.8 3.9E-06 7.2E-06 5.7E-05 

8/25/2016 41 7.2 45 22 16 7.5 3.6 2.7E-06 4.8E-06 1.7E-05 

9/9/2016 98 7.6 79 39 17 2.2 2.1 1.6E-05 1.0E-05 4.2E-05 

9/9/2016 93 7.4 64 32 17 1.5 1.8 9.5E-06 9.1E-06 3.6E-05 

9/9/2016 52 7.9 91 45 20 1.7 2.3 3.4E-06 6.7E-06 5.7E-05 

9/9/2016 41 7.3 50 25 16 3.6 3.6 2.1E-06 4.7E-06 2.2E-05 

10/7/2016 98 7.9 95 47 20 2.1 1.2 1.8E-05 9.8E-06 6.0E-05 

10/7/2016 93 7.5 71 36 29 2.1 1.1 1.5E-05 1.4E-05 4.1E-05 

10/7/2016 52 7.9 97 48 29 2.3 1.8 5.4E-06 9.5E-06 6.3E-05 

10/7/2016 41 7.8 52 26 18 1.9 5.9 2.8E-06 1.1E-05 2.4E-05 

11/11/2016 98 7.6 78 39 22 1.4 2.8 1.8E-05 1.1E-05 4.0E-05 

11/11/2016 93 7.6 65 33 32 1.1 2.4 1.1E-05 1.2E-05 4.3E-05 

11/11/2016 52 7.9 92 46 32 1.2 2.9 3.7E-06 7.4E-06 5.3E-05 

11/11/2016 41 7.4 47 24 19 2.5 6.6 2.6E-06 6.5E-06 2.8E-05 

6/15/2017 98 7.6 51 26 11 4.2 2.5 1.4E-05 1.1E-05 2.4E-05 

6/15/2017 93 7.7 47 24 12 1.8 2.5 9.7E-06 8.0E-06 2.6E-05 
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Table B.1 continued        

           

Date 
Beetle 

Kill 
pH 

Cond TDS Alk DOC SUVA F- Cl- SO4
2- 

µS/m ppm 
ppm 

CaCO3 
ppm L/mg m mol/L mol/L mol/L 

6/15/2017 52 7.7 71 35 13 2.5 2.9 3.7E-06 6.8E-06 4.0E-05 

6/15/2017 41 7.0 29 15 12 7.7 4.3 2.7E-06 4.0E-06 2.0E-05 

7/14/2017 98 7.7 71 35 24 2.5 3.2 1.4E-05 1.3E-05 3.4E-05 

7/14/2017 93 7.8 60 29 22 1.5 2.4 8.7E-06 1.4E-05 3.0E-05 

7/14/2017 52 7.7 89 44 33 2.1 3.1 3.1E-06 7.2E-06 4.4E-05 

7/14/2017 41 7.6 44 22 14 5.7 4.3 1.7E-06 5.9E-06 2.0E-05 

7/26/2017 98 7.3 74 37 27 2.9 3.7 1.7E-05 8.3E-06 3.9E-05 

7/26/2017 93 7.9 61 30 22 1.6 3.0 9.8E-06 1.0E-05 4.1E-05 

7/26/2017 52 8.0 87 43 34 2.7 3.8 3.8E-06 5.8E-06 6.1E-05 

 

Table B.2 Na+, K+, Ca2+, Mg2+, Sr2+, Fe3+, Zn2+, and Al3+ results for water sample results taken 
over time from four watersheds of Keystone Gulch with varying %MPB (41%, 52%, 93%, and 
98%) 
 

Date 
Beetle 

Kill 

Na+ K+ Ca2+ Mg2+ Sr2+ Fe3+ Zn2+ Al3+ 

(mol/L) 

9/26/2015 98 1.4E-04 1.7E-05 2.2E-01 1.2E-04 5.4E-07 6.1E-08 3.5E-14 3.4E-13 

9/26/2015 93 1.2E-04 1.5E-05 1.5E-01 1.0E-04 7.0E-15 3.6E-08 3.5E-14 3.4E-13 

9/26/2015 52 1.0E-04 1.9E-05 2.7E-01 1.4E-04 4.7E-07 3.9E-08 1.2E-08 3.4E-13 

9/26/2015 41 1.0E-04 9.0E-06 1.2E-01 8.2E-05 2.9E-07 5.7E-07 3.7E-08 3.4E-13 

11/7/2015 98 1.1E-04 2.2E-05 3.0E-01 1.3E-04 7.6E-07 8.4E-07 4.1E-08 3.4E-13 

11/7/2015 93 1.2E-04 2.6E-05 3.0E-01 1.3E-04 7.7E-07 8.9E-07 1.2E-07 3.4E-13 

11/7/2015 52 3.2E-06 2.5E-06 2.0E-09 2.5E-07 7.0E-15 5.1E-14 3.5E-14 3.4E-13 

11/7/2015 41 9.4E-05 2.0E-05 2.6E-01 1.4E-04 4.5E-07 3.0E-08 1.2E-07 3.4E-13 

6/1/2016 93 8.8E-05 9.9E-06 1.1E-01 7.4E-05 1.5E-07 5.8E-07 8.0E-08 1.9E-06 

6/1/2016 52 8.6E-05 4.1E-05 2.0E-01 1.0E-04 3.1E-07 3.3E-07 6.9E-08 1.2E-06 

6/1/2016 41 7.7E-05 1.0E-05 1.1E-01 7.1E-05 2.2E-07 1.8E-06 3.7E-08 2.2E-06 

6/26/2016 98 1.3E-04 2.4E-05 1.6E-01 8.9E-05 3.7E-07 1.8E-07 5.5E-08 1.3E-06 

6/26/2016 93 1.2E-04 2.1E-05 1.1E-01 8.6E-05 1.8E-07 7.9E-08 3.8E-08 1.0E-06 

6/26/2016 52 1.3E-04 3.0E-05 2.3E-01 1.1E-04 3.8E-07 2.9E-08 4.9E-08 7.9E-07 

6/26/2016 41 1.3E-04 2.7E-05 9.5E-02 5.8E-05 2.2E-07 9.6E-07 4.3E-08 2.2E-06 

7/12/2016 98 1.2E-04 1.4E-05 1.9E-01 9.6E-05 4.0E-07 1.6E-07 3.4E-08 7.6E-07 

7/12/2016 93 9.4E-05 1.0E-05 1.2E-01 9.9E-05 1.8E-07 3.0E-08 3.2E-08 3.4E-13 

7/12/2016 52 8.7E-05 1.5E-05 2.5E-01 1.3E-04 3.9E-07 1.4E-08 3.4E-08 3.4E-13 

7/12/2016 41 7.9E-05 5.9E-06 1.1E-01 6.8E-05 2.3E-07 7.9E-07 3.8E-08 1.5E-06 

7/12/2016 41 8.9E-05 4.2E-06 9.9E-02 6.7E-05 2.2E-07 1.2E-06 4.3E-08 1.0E-06 

7/28/2016 98 1.2E-04 1.5E-05 2.2E-01 1.1E-04 4.6E-07 7.7E-08 2.6E-08 3.4E-13 

7/28/2016 93 1.0E-04 1.1E-05 1.4E-01 9.7E-05 2.0E-07 2.3E-08 6.4E-08 3.4E-13 

7/28/2016 52 9.0E-05 1.6E-05 2.7E-01 1.4E-04 4.3E-07 2.9E-08 3.5E-08 3.4E-13 

7/28/2016 41 8.1E-05 7.6E-06 1.2E-01 7.7E-05 2.5E-07 7.9E-07 7.6E-09 1.2E-06 

8/25/2016 98 1.1E-04 1.6E-05 2.2E-01 1.2E-04 5.0E-07 2.8E-07 1.8E-08 1.2E-06 

8/25/2016 93 9.5E-05 1.5E-05 1.4E-01 1.0E-04 2.3E-07 7.3E-07 4.4E-08 1.8E-06 

8/25/2016 93 9.4E-05 1.3E-05 1.5E-01 1.0E-04 2.3E-07 1.8E-07 6.1E-09 7.8E-07 

8/25/2016 52 8.0E-05 1.9E-05 2.6E-01 1.3E-04 4.4E-07 4.0E-07 2.8E-08 1.0E-06 

8/25/2016 41 7.6E-05 8.8E-06 1.2E-01 7.3E-05 2.6E-07 1.6E-06 9.2E-09 1.9E-06 

9/9/2016 98 1.3E-04 1.7E-05 2.2E-01 1.2E-04 5.4E-07 1.3E-07 4.6E-09 3.4E-13 

9/9/2016 93 1.0E-04 1.3E-05 1.5E-01 9.0E-05 2.4E-07 3.9E-07 3.5E-14 1.0E-06 

9/9/2016 52 9.0E-05 1.9E-05 2.7E-01 1.4E-04 4.7E-07 9.0E-09 3.5E-14 3.4E-13 
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Table B.2 continued       

          

Date 
Beetle 

Kill 

Na+ K+ Ca2+ Mg2+ Sr2+ Fe3+ Zn2+ Al3+ 

(mol/L) 

9/9/2016 41 8.7E-05 8.5E-06 1.2E-01 8.2E-05 3.0E-07 7.5E-07 3.5E-14 8.4E-07 

10/7/2016 98 1.2E-04 1.7E-05 2.8E-01 1.2E-04 6.8E-07 5.1E-14 2.0E-08 3.4E-13 

10/7/2016 93 9.7E-05 1.1E-05 1.4E-01 1.1E-04 2.3E-07 7.2E-08 1.4E-08 3.4E-13 

10/7/2016 52 8.6E-05 1.8E-05 2.6E-01 1.3E-04 4.4E-07 9.0E-09 2.0E-08 3.4E-13 

10/7/2016 41 8.4E-05 9.1E-06 1.2E-01 7.6E-05 2.7E-07 5.6E-07 3.5E-14 3.4E-13 

11/11/2016 98 1.4E-04 1.8E-05 2.3E-01 1.3E-04 4.7E-07 2.5E-08 9.6E-09 1.6E-06 

11/11/2016 93 1.1E-04 1.4E-05 1.5E-01 1.0E-04 2.1E-07 5.1E-14 3.5E-14 1.6E-06 

11/11/2016 52 1.1E-04 2.0E-05 2.8E-01 1.4E-04 4.1E-07 8.7E-09 1.4E-08 1.3E-06 

11/11/2016 41 1.1E-04 1.2E-05 1.2E-01 8.0E-05 2.4E-07 6.2E-07 3.5E-14 2.3E-06 

6/15/2017 98 1.1E-04 1.6E-05 1.3E-01 8.6E-05 2.8E-07 3.7E-07 3.5E-14 2.1E-06 

6/15/2017 93 8.7E-05 9.7E-06 9.8E-02 6.1E-05 1.3E-07 1.1E-07 3.5E-14 1.2E-06 

6/15/2017 52 8.5E-05 1.5E-05 1.9E-01 9.6E-05 3.0E-07 9.0E-09 3.5E-14 1.0E-06 

6/15/2017 41 6.3E-05 8.9E-06 7.6E-02 4.7E-05 1.5E-07 1.2E-06 3.5E-14 3.6E-06 

7/14/2017 98 1.2E-04 1.9E-05 1.9E-01 1.0E-04 3.8E-07 5.1E-14 3.5E-14 3.4E-13 

7/14/2017 93 9.8E-05 1.1E-05 1.2E-01 8.2E-05 1.8E-07 5.1E-14 3.5E-14 3.4E-13 

7/14/2017 52 9.5E-05 1.8E-05 2.5E-01 1.2E-04 3.9E-07 5.1E-14 4.9E-08 3.4E-13 

7/14/2017 41 8.8E-05 1.1E-05 1.1E-01 6.9E-05 2.2E-07 1.0E-06 4.1E-08 1.3E-06 

7/26/2017 98 1.2E-04 1.0E-05 1.9E-01 1.1E-04 3.9E-07 1.7E-07 3.5E-14 8.5E-07 

7/26/2017 93 9.6E-05 9.1E-06 1.3E-01 8.6E-05 1.7E-07 5.6E-08 3.5E-14 3.4E-13 

7/26/2017 52 8.6E-05 1.1E-05 2.4E-01 1.2E-04 3.5E-07 9.1E-08 3.5E-14 3.4E-13 
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Table B.3 Results of rainwater extraction and total carbon and soil pH for each horizon (1: top, 2: middle, and 3: bottom) 

 

Beetle 
Kill Horizon 

Total 
Carbon 

Soil 
pH 

Na+ K+ Ca2+ Mg2+ Mn Fe3+ Zn2+ Cu Al3+ 

mg/kg (mol/kg soil) 
98 2 5.1 5.6 8.5E-04 2.6E-03 4.3E-04 2.4E-04 2.4E-06 2.4E-05 3.5E-14 1.7E-06 1.0E-04 

98 3 2.0 5.5 8.4E-04 2.9E-03 3.8E-04 2.4E-04 1.8E-06 7.0E-06 3.5E-14 1.5E-06 3.9E-05 

98 1 29.3 5.5 7.7E-04 2.0E-03 6.2E-04 2.6E-04 3.6E-05 2.8E-05 3.5E-14 4.5E-07 1.7E-04 

98 2 16.5 5.6 1.4E-03 1.9E-03 5.3E-04 5.5E-04 1.2E-04 3.2E-05 3.5E-14 2.1E-06 7.7E-05 

98 1 33.9 4.7 2.0E-03 1.9E-03 3.9E-04 4.8E-04 8.0E-06 1.3E-04 9.5E-07 2.8E-06 3.3E-04 

98 3 3.7 5.9 6.7E-04 2.9E-03 3.8E-04 4.7E-04 3.5E-06 1.5E-05 3.5E-14 2.4E-06 6.3E-05 

98 2 4.1 5.2 1.1E-11 2.7E-03 3.1E-04 3.8E-04 1.2E-05 1.4E-04 3.5E-14 3.9E-06 1.9E-04 

98 2 5.2 5.9 1.5E-03 1.6E-03 1.0E-03 6.4E-04 1.3E-06 4.4E-05 3.5E-14 2.1E-06 8.5E-05 

98 3 3.5 5.6 7.2E-04 1.9E-03 1.1E-03 6.0E-04 1.4E-06 5.2E-05 3.5E-14 3.2E-06 7.9E-05 

98 2 4.8 5.2 4.0E-04 1.8E-03 6.1E-04 2.9E-04 1.7E-06 2.4E-05 4.5E-07 2.3E-06 1.5E-04 

98 1 12.4 5.2 7.1E-04 1.7E-03 1.1E-03 3.6E-04 3.5E-05 4.2E-05 1.6E-06 6.2E-06 2.7E-04 

98 3 4.0 5.5 3.5E-04 1.8E-03 6.7E-04 3.1E-04 1.1E-06 1.4E-05 3.9E-07 1.5E-06 8.6E-05 

98 2 10.2 5.0 9.2E-04 2.3E-03 5.1E-04 3.2E-04 1.0E-05 7.8E-05 2.1E-06 3.1E-06 4.1E-04 

98 3 7.5 4.9 1.3E-03 2.5E-03 2.9E-04 1.3E-03 6.1E-06 3.4E-05 4.0E-07 1.2E-06 2.1E-04 

98 1 28.2 4.6 2.0E-03 2.5E-03 1.4E-03 6.3E-04 6.9E-05 2.3E-04 2.2E-06 2.5E-06 1.1E-03 

98 2 10.3 5.1 1.0E-03 2.5E-03 5.3E-04 3.9E-04 5.6E-05 5.3E-05 8.9E-07 2.1E-06 4.7E-04 

98 3 2.2 5.3 8.4E-04 2.5E-03 4.3E-04 4.0E-04 7.4E-06 2.4E-05 2.3E-06 1.3E-06 1.1E-04 

98 1 36.2 5.1 9.9E-04 2.0E-03 1.0E-03 5.3E-04 3.9E-05 7.6E-05 3.5E-14 7.6E-07 7.5E-04 

98 2 5.2 5.9 8.2E-04 3.5E-03 6.6E-04 4.4E-04 2.9E-05 2.2E-05 7.0E-07 1.3E-06 3.7E-05 

98 1 26.8 5.9 1.1E-03 2.2E-03 1.2E-03 6.5E-04 7.3E-05 4.9E-05 7.5E-07 1.4E-06 1.8E-04 

98 3 2.5 6.0 9.5E-04 2.8E-03 6.8E-04 4.0E-04 2.5E-06 5.3E-06 3.5E-14 1.6E-06 4.3E-05 

93 2 7.0 6.3 6.2E-04 1.8E-03 1.7E-03 8.9E-04 2.4E-05 1.7E-04 3.5E-14 5.5E-06 3.1E-04 

93 3 2.3 6.6 4.0E-04 2.1E-03 8.6E-04 7.1E-04 6.7E-15 6.4E-05 3.5E-14 1.9E-06 1.0E-04 

93 1 11.2 6.5 5.4E-04 1.3E-03 1.5E-03 7.4E-04 1.8E-05 9.5E-05 3.5E-14 1.4E-06 2.2E-04 

93 2 4.0 5.8 2.6E-04 1.9E-03 2.8E-04 2.1E-04 6.7E-15 1.9E-06 3.5E-14 1.3E-06 9.8E-06 
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Table B.3 continued          

             

Beetle 
Kill Horizon 

Total 
Carbon Soil 

pH 

Na+ K+ Ca2+ Mg2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

mg/kg (mol/kg soil) 

93 1 33.1 5.6 7.9E-04 1.7E-03 1.1E-03 4.2E-04 6.5E-05 1.0E-04 3.5E-14 3.9E-06 3.5E-04 

93 3 1.7 6.0 1.4E-04 2.7E-03 1.9E-04 1.1E-04 6.7E-15 5.1E-14 3.5E-14 7.4E-07 2.2E-04 

93 2 4.6 5.0 8.7E-04 2.1E-03 3.7E-04 2.3E-04 1.2E-06 6.7E-05 3.5E-14 5.9E-06 3.2E-04 

93 3 4.7 5.2 9.9E-04 2.1E-03 3.3E-04 2.2E-04 6.3E-06 1.6E-04 3.5E-14 6.0E-06 4.0E-04 

93 1 28.7 5.2 2.4E-03 1.2E-03 8.7E-04 4.3E-04 3.6E-04 1.8E-04 4.9E-06 2.8E-06 6.5E-04 

93 2 5.2 5.4 8.3E-04 2.4E-03 3.1E-04 1.5E-04 6.6E-06 4.6E-05 3.5E-14 7.2E-07 1.1E-04 

93 2 6.2 5.5 1.3E-03 1.6E-03 1.4E-04 5.7E-05 1.5E-06 2.9E-05 3.5E-14 7.0E-07 7.6E-05 

93 1 34.4 5.1 1.2E-03 1.7E-03 1.2E-03 6.9E-04 3.1E-04 2.6E-04 9.5E-07 3.1E-06 1.1E-03 

93 3 1.7 5.6 1.4E-03 1.1E-03 7.0E-05 5.8E-05 1.7E-05 5.1E-14 3.5E-14 7.1E-07 7.4E-06 

93 2 4.0 5.4 7.1E-04 1.2E-03 3.7E-04 3.2E-04 6.7E-15 1.9E-05 3.5E-14 2.0E-06 9.1E-05 

93 1 18.0 4.8 1.2E-03 1.7E-03 4.6E-04 4.5E-04 3.4E-06 1.4E-04 3.5E-14 1.9E-06 6.2E-04 

93 3 2.6 5.7 4.5E-04 9.0E-04 5.8E-04 3.9E-04 6.7E-15 3.3E-05 1.7E-06 1.4E-06 9.1E-05 

93 2 4.1 5.3 2.0E-04 3.4E-03 4.2E-04 3.4E-04 6.7E-15 3.6E-05 3.3E-07 1.4E-06 7.6E-05 

93 3 2.1 5.6 2.4E-04 1.5E-03 3.7E-04 4.0E-04 1.6E-06 7.4E-06 3.5E-14 7.0E-07 2.9E-05 

93 1 19.5 5.5 5.2E-04 1.5E-03 1.2E-03 5.9E-04 6.8E-05 2.4E-04 3.5E-14 4.4E-06 6.9E-04 

93 2 3.8 5.3 5.0E-04 1.3E-03 5.0E-04 3.6E-04 9.8E-06 1.6E-05 3.5E-14 9.0E-07 7.7E-05 

93 1 20.1 5.0 8.2E-04 3.1E-03 9.9E-04 6.0E-04 6.5E-05 1.4E-04 6.0E-06 3.5E-06 4.7E-04 

93 3 2.4 5.6 6.9E-04 1.0E-03 4.6E-04 3.5E-04 6.7E-15 8.7E-06 3.5E-14 1.4E-06 5.1E-05 

52 2 14.3 5.6 1.1E-03 2.7E-03 2.8E-04 1.8E-04 6.3E-06 5.9E-05 3.5E-14 4.6E-07 1.2E-04 

52 3 4.3 5.5 1.1E-03 2.2E-03 8.1E-04 4.8E-04 8.1E-06 5.3E-05 3.5E-14 6.5E-07 1.9E-04 

52 1 60.2 5.1 1.3E-03 1.8E-03 4.8E-03 1.4E-03 4.6E-04 3.8E-04 6.3E-06 3.2E-06 2.0E-03 

52 1 12.1 5.1 1.3E-03 2.7E-03 9.3E-04 7.5E-04 6.3E-05 1.2E-04 3.5E-14 8.5E-07 5.5E-04 

52 2 12.4 5.7 6.8E-04 1.9E-03 1.0E-03 8.4E-04 9.4E-05 1.2E-05 3.5E-14 8.3E-07 1.6E-04 

52 3 4.6 5.8 5.7E-04 2.0E-03 4.3E-04 3.6E-04 8.1E-06 3.3E-06 3.5E-14 4.8E-07 5.8E-05 

52 2 24.6 5.1 8.3E-04 2.0E-03 1.4E-03 8.8E-04 1.8E-05 1.5E-04 3.5E-14 1.1E-06 6.9E-04 

52 3 6.6 5.5 8.0E-04 2.2E-03 5.9E-04 3.9E-04 9.6E-06 2.2E-05 3.5E-14 6.0E-07 9.4E-05 
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Table B.3 continued          

             

Beetle 
Kill Horizon 

Total 
Carbon Soil 

pH 

Na+ K+ Ca2+ Mg2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

mg/kg (mol/kg soil) 

52 1 19.1 5.0 1.3E-03 2.7E-03 1.3E-03 5.6E-04 1.7E-05 2.4E-04 3.5E-14 1.0E-06 9.5E-04 

52 2 10.3 5.4 1.0E-03 2.2E-03 8.9E-04 5.3E-04 1.3E-04 2.6E-05 3.5E-14 8.2E-07 1.8E-04 

52 1 15.7 6.0 1.5E-03 2.3E-03 1.4E-03 5.2E-04 1.2E-04 1.1E-05 3.5E-14 1.7E-06 9.0E-05 

52 3 2.1 6.2 6.8E-04 2.5E-03 4.5E-04 1.9E-04 1.1E-05 5.1E-14 3.5E-14 5.1E-07 3.6E-05 

52 1 17.1 5.6 1.8E-03 1.9E-03 1.1E-04 1.6E-04 7.7E-05 7.5E-06 3.5E-14 6.2E-07 1.2E-04 

52 2 3.2 5.5 1.0E-03 2.1E-03 3.4E-04 5.3E-04 6.0E-05 1.1E-05 3.5E-14 7.1E-07 9.4E-05 

52 3 3.2 5.4 1.3E-03 3.0E-03 2.6E-04 4.5E-04 4.6E-05 1.3E-05 3.5E-14 7.7E-07 8.3E-05 

52 2 5.8 5.3 6.9E-04 2.5E-03 2.5E-04 2.2E-04 2.0E-05 2.6E-05 3.5E-14 6.1E-07 1.5E-04 

52 3 2.7 5.3 7.4E-04 3.2E-03 2.1E-04 2.1E-04 1.5E-05 1.7E-05 3.5E-14 5.3E-07 8.1E-05 

52 1 5.5 5.6 6.8E-04 2.7E-03 1.4E-04 1.3E-04 2.2E-05 7.5E-06 3.5E-14 6.6E-07 7.2E-05 

52 2 9.5 5.6 3.9E-04 2.6E-03 4.8E-04 1.7E-04 1.6E-05 6.1E-06 3.5E-14 6.5E-07 9.7E-05 

52 1 64.5 5.4 1.2E-03 2.1E-03 3.8E-03 8.8E-04 8.2E-04 8.1E-05 1.8E-06 1.6E-06 7.2E-04 

52 3 4.0 6.0 2.5E-04 2.4E-03 4.7E-04 1.8E-04 4.6E-06 5.1E-14 3.5E-14 7.2E-07 4.1E-05 

41 2 66.2 4.9 1.6E-03 3.7E-03 4.5E-03 2.8E-03 7.6E-05 2.8E-04 5.9E-06 2.0E-06 6.9E-04 

41 3 3.3 5.1 1.0E-03 2.4E-03 1.2E-03 7.7E-04 1.7E-05 4.4E-05 3.5E-14 9.5E-07 1.3E-04 

41 1 32.8 5.0 3.0E-03 4.5E-03 1.2E-03 9.0E-04 3.5E-04 5.4E-04 6.5E-06 3.9E-06 9.9E-04 

41 1 24.2 4.3 1.3E-03 2.3E-03 1.5E-03 7.6E-04 9.2E-05 5.1E-04 7.0E-06 1.9E-06 2.3E-03 

41 2 2.4 4.9 1.3E-03 2.1E-03 2.3E-04 2.3E-04 1.5E-05 6.0E-05 3.5E-14 4.6E-07 9.8E-05 

41 3 0.8 5.3 8.7E-04 4.8E-03 3.3E-04 2.5E-04 3.7E-06 1.6E-05 3.5E-14 6.2E-07 5.1E-05 

41 1 39.6 4.9 1.3E-03 2.4E-03 9.3E-04 6.3E-04 6.6E-05 1.9E-04 3.5E-06 1.6E-06 1.5E-03 

41 2 8.1 4.8 9.0E-04 2.2E-03 5.8E-04 4.5E-04 2.1E-05 1.8E-04 3.5E-14 6.1E-07 3.6E-04 

41 3 5.8 4.8 2.4E-03 3.0E-03 3.7E-03 1.3E-03 9.1E-05 5.9E-04 4.9E-06 8.3E-07 5.3E-04 

41 1 25.4 4.8 2.8E-03 2.2E-03 2.2E-03 5.4E-04 4.3E-05 1.7E-04 1.1E-06 1.1E-06 1.1E-03 

41 2 3.9 5.0 2.0E-03 3.0E-03 4.6E-04 2.0E-04 1.9E-06 4.2E-05 3.5E-14 5.1E-06 2.4E-04 

41 3 0.8 5.4 1.7E-03 2.9E-03 1.2E-04 1.3E-04 7.2E-06 3.2E-06 3.5E-14 3.6E-07 8.7E-06 

41 2 2.1 5.3 1.5E-03 1.8E-03 2.8E-04 2.2E-04 1.0E-06 9.3E-06 3.5E-14 9.7E-07 2.1E-05 
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Table B.3 continued          

             

Beetle 
Kill Horizon 

Total 
Carbon 

mg/kg 

Soil 
pH 

Na+ K+ Ca2+ Mg2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

41 3 2.0 5.9 9.6E-04 1.6E-03 3.5E-04 2.3E-04 5.9E-06 3.4E-06 3.5E-14 4.7E-07 4.5E-06 

41 1 8.6 4.8 1.4E-03 2.3E-03 1.7E-03 7.4E-04 3.1E-04 1.1E-04 1.6E-06 3.6E-06 5.1E-04 

41 1 27.8 5.0 2.9E-03 2.1E-03 6.4E-04 3.7E-04 3.4E-04 4.2E-05 3.1E-07 1.3E-06 5.6E-04 

41 2 9.2 5.1 2.5E-03 2.1E-03 6.1E-04 3.6E-04 4.3E-05 5.1E-05 3.5E-14 8.6E-07 3.5E-04 

41 3 9.2 5.1 1.2E-03 2.6E-03 4.3E-04 4.3E-04 2.0E-05 4.2E-05 3.5E-14 6.5E-07 2.7E-04 

41 1 25.4 4.8 2.1E-03 2.5E-03 9.0E-04 7.8E-04 1.6E-04 1.2E-04 1.1E-06 2.3E-06 8.9E-04 

41 2 8.0 5.1 1.5E-03 2.4E-03 8.1E-04 5.8E-04 1.8E-05 8.3E-05 3.5E-14 8.6E-07 2.8E-04 

41 3 2.0 5.7 6.5E-04 2.8E-03 5.3E-04 4.4E-04 2.3E-06 3.0E-06 3.5E-14 1.1E-06 1.1E-05 

 

Table B.4 Results of MgCl2 extraction for each horizon (1: top, 2: middle, and 3: bottom) 

 

Beetle Kill Horizon 
K+ Na+ Ca2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

98 2 1.9E-03 1.3E-03 8.7E-03 2.5E-05 2.1E-05 2.2E-04 5.7E-06 7.5E-06 2.0E-03 

98 3 1.7E-03 1.4E-03 7.2E-03 2.2E-05 1.0E-05 1.2E-04 6.7E-06 8.5E-06 5.8E-04 

98 1 1.4E-03 1.3E-03 1.1E-02 2.6E-05 4.3E-04 4.6E-05 1.0E-05 1.6E-06 2.8E-03 

98 2 2.9E-03 1.1E-03 1.1E-02 5.3E-05 1.5E-03 1.8E-04 4.3E-06 2.8E-06 1.1E-03 

98 1 3.5E-03 1.0E-03 7.5E-03 3.4E-05 1.0E-04 4.6E-04 2.3E-05 7.5E-06 8.0E-03 

98 3 1.5E-03 1.6E-03 6.8E-03 2.3E-05 3.1E-05 1.3E-04 7.7E-06 8.1E-06 4.7E-04 

98 2 1.1E-11 1.9E-03 4.0E-03 1.8E-05 1.0E-04 2.8E-04 3.9E-06 7.5E-06 2.0E-03 

98 2 3.3E-03 4.2E-04 1.4E-02 3.6E-05 1.2E-05 8.9E-05 2.8E-06 3.4E-06 4.7E-05 

98 3 1.8E-03 8.4E-04 1.7E-02 4.6E-05 1.0E-05 1.4E-04 3.0E-06 7.6E-06 3.9E-04 

98 2 9.5E-04 6.8E-04 3.2E-03 7.0E-15 4.3E-06 5.7E-04 3.5E-14 1.0E-05 4.6E-03 

98 1 6.5E-04 4.9E-04 5.6E-03 2.0E-05 4.8E-06 2.2E-04 3.5E-14 8.7E-06 3.7E-03 
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Table B.4 continued 

           

Beetle Kill Horizon 
K+ Na+ Ca2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

98 3 8.8E-04 3.5E-04 3.9E-03 7.0E-15 7.8E-05 1.6E-04 6.3E-06 1.5E-05 1.5E-03 

98 2 1.5E-03 7.3E-04 2.6E-03 7.0E-15 2.0E-05 1.1E-03 5.0E-06 9.3E-06 3.8E-03 

98 3 1.7E-03 8.5E-04 1.7E-03 7.0E-15 1.4E-05 7.2E-04 3.4E-06 5.9E-06 2.5E-03 

98 1 2.4E-03 7.0E-04 7.1E-03 1.7E-05 1.8E-04 8.9E-04 1.0E-05 5.5E-06 5.2E-03 

98 2 1.2E-03 7.3E-04 2.7E-03 7.0E-15 1.2E-04 4.2E-04 3.5E-06 5.0E-06 2.6E-03 

98 3 1.4E-03 1.0E-03 2.8E-03 7.0E-15 2.1E-05 2.7E-04 4.0E-06 5.5E-06 1.1E-03 

98 1 1.0E-03 5.5E-04 3.4E-03 7.0E-15 4.9E-05 7.5E-04 2.1E-06 2.8E-06 2.7E-03 

98 2 1.7E-03 7.3E-04 1.2E-02 2.8E-05 2.1E-04 1.9E-05 4.1E-06 3.0E-06 3.4E-13 

98 1 1.8E-03 6.3E-04 1.4E-02 2.6E-05 5.4E-04 2.3E-05 1.3E-05 2.4E-06 3.4E-13 

98 3 1.0E-03 6.6E-04 4.5E-03 1.2E-05 1.1E-05 2.4E-05 5.3E-07 5.1E-06 3.4E-13 

93 2 2.8E-03 4.2E-03 2.2E-02 5.9E-05 2.0E-04 5.1E-14 1.4E-05 9.8E-06 4.6E-05 

93 3 2.5E-03 4.8E-03 2.2E-02 7.4E-05 7.5E-05 5.1E-14 3.6E-06 4.6E-06 3.4E-13 

93 1 2.6E-03 4.1E-03 3.0E-02 6.8E-05 2.4E-04 5.1E-14 8.5E-06 4.1E-06 1.6E-06 

93 2 3.2E-03 5.7E-03 2.5E-02 8.8E-05 2.9E-05 2.9E-05 1.1E-05 1.9E-05 5.8E-03 

93 1 3.0E-03 4.9E-03 2.3E-02 4.8E-05 7.2E-04 9.9E-06 2.9E-05 5.3E-06 1.1E-03 

93 3 2.0E-03 6.0E-03 1.1E-02 4.8E-05 4.4E-05 2.5E-04 7.0E-06 6.0E-06 1.4E-03 

93 2 3.8E-03 4.1E-03 9.6E-03 2.6E-05 1.8E-05 1.8E-04 1.9E-05 1.9E-05 4.0E-03 

93 3 3.9E-03 4.8E-03 6.5E-03 1.8E-05 4.5E-05 1.5E-04 1.2E-05 1.9E-05 2.7E-03 

93 1 7.1E-03 2.1E-03 1.7E-02 3.7E-05 5.4E-04 1.3E-05 4.8E-05 6.2E-06 6.1E-03 

93 2 2.6E-03 3.3E-03 5.3E-03 1.6E-05 4.8E-05 5.4E-04 3.5E-14 2.6E-06 9.9E-04 

93 2 3.6E-03 3.5E-03 4.1E-03 1.3E-05 4.1E-05 4.9E-04 3.5E-14 2.5E-06 9.7E-04 

93 1 3.6E-03 3.2E-03 1.4E-02 3.3E-05 1.2E-03 6.3E-05 2.2E-05 7.0E-06 3.4E-03 

93 3 2.4E-03 3.1E-03 6.5E-03 2.1E-05 2.3E-05 3.2E-04 3.5E-14 2.8E-06 5.3E-04 

93 2 3.0E-03 3.0E-03 7.4E-03 2.5E-05 8.5E-06 1.3E-04 5.7E-06 1.2E-05 1.9E-03 

93 1 3.2E-03 2.9E-03 4.0E-03 7.0E-15 1.5E-05 6.7E-04 1.0E-05 6.9E-06 7.7E-03 
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Table B.4 continued        

           

Beetle Kill Horizon 
K+ Na+ Ca2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

93 3 2.0E-03 2.9E-03 9.5E-03 3.3E-05 5.3E-06 1.7E-04 3.5E-14 2.9E-06 2.0E-03 

93 2 1.3E-03 3.7E-03 5.5E-03 1.5E-05 2.9E-05 5.9E-04 3.5E-14 2.7E-06 3.3E-04 

93 3 1.5E-03 2.8E-03 5.2E-03 1.4E-05 2.1E-05 2.6E-04 3.5E-14 2.4E-06 5.3E-04 

93 1 1.8E-03 1.3E-03 2.0E-02 3.5E-05 4.2E-04 5.8E-05 2.1E-05 7.1E-06 2.0E-03 

93 2 2.3E-03 1.7E-03 8.6E-03 2.7E-05 6.8E-05 2.2E-04 3.5E-06 2.8E-06 1.4E-03 

93 1 1.8E-03 1.7E-03 1.3E-02 3.0E-05 5.0E-04 7.6E-05 2.5E-05 1.4E-05 9.7E-03 

93 3 3.2E-03 1.4E-03 7.3E-03 2.2E-05 7.6E-06 1.1E-04 3.4E-06 9.1E-06 1.3E-03 

52 2 2.3E-03 2.2E-03 6.1E-03 2.0E-05 3.9E-05 1.6E-04 6.4E-07 2.3E-06 1.4E-04 

52 3 3.7E-03 2.5E-03 1.3E-02 4.8E-05 5.7E-05 5.3E-04 4.2E-06 3.6E-06 3.7E-03 

52 1 3.4E-03 1.3E-03 3.0E-02 7.4E-05 2.7E-04 7.0E-04 6.5E-05 7.0E-06 1.1E-02 

52 1 2.9E-03 1.8E-03 6.7E-03 1.9E-05 2.1E-04 7.9E-04 1.2E-05 3.4E-06 8.1E-03 

52 2 1.8E-03 1.5E-03 5.6E-03 2.7E-05 1.9E-04 5.9E-05 3.5E-14 3.2E-06 9.7E-04 

52 3 1.9E-03 1.6E-03 9.6E-03 5.1E-05 8.6E-05 2.3E-04 1.7E-06 3.1E-06 1.8E-03 

52 2 1.5E-03 1.4E-03 5.8E-03 1.9E-05 3.2E-05 6.1E-04 3.7E-06 3.5E-06 5.1E-03 

52 3 1.9E-03 1.5E-03 5.2E-03 2.1E-05 4.7E-05 3.8E-04 9.5E-07 2.7E-06 1.3E-03 

52 1 2.9E-03 1.3E-03 1.3E-02 3.2E-05 6.9E-05 1.4E-03 1.3E-05 3.5E-06 6.6E-03 

52 2 2.5E-03 9.4E-04 1.1E-02 3.7E-05 8.3E-04 2.6E-04 2.3E-04 9.2E-06 2.3E-03 

52 1 3.4E-03 1.3E-03 1.5E-02 3.3E-05 7.6E-04 3.2E-06 4.6E-06 4.3E-06 1.4E-04 

52 3 2.8E-03 2.1E-03 1.6E-02 4.7E-05 1.7E-04 3.1E-05 1.7E-06 2.6E-06 1.2E-04 

52 1 6.2E-03 1.5E-03 5.9E-03 3.0E-05 1.6E-03 5.1E-14 4.1E-06 2.3E-06 3.2E-04 

52 2 2.2E-03 1.3E-03 3.5E-03 1.4E-05 2.5E-04 1.2E-04 1.1E-06 3.3E-06 8.4E-04 

52 3 2.7E-03 1.9E-03 3.8E-03 1.4E-05 3.5E-04 1.2E-03 2.1E-04 1.7E-05 3.5E-04 

52 2 1.7E-03 2.4E-03 3.8E-03 1.7E-05 1.1E-04 5.5E-04 8.8E-05 5.4E-06 2.4E-03 

52 3 1.9E-03 2.1E-03 3.0E-03 1.3E-05 9.0E-05 5.4E-04 2.7E-06 3.9E-06 7.1E-04 

52 1 2.2E-03 2.3E-03 5.2E-03 2.1E-05 2.3E-04 3.4E-04 1.6E-06 2.8E-06 1.9E-03 
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Table B.4 continued        

           

Beetle Kill Horizon 
K+ Na+ Ca2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

52 2 1.7E-03 2.5E-03 1.5E-02 4.4E-05 2.5E-04 3.4E-04 2.3E-04 8.4E-06 3.6E-03 

52 1 3.2E-03 1.2E-03 4.1E-02 1.2E-04 5.9E-04 2.2E-04 2.8E-04 8.8E-06 1.2E-03 

52 3 1.2E-03 2.1E-03 2.5E-02 6.7E-05 1.2E-04 2.7E-04 1.1E-05 3.2E-06 1.7E-03 

41 2 4.0E-03 2.8E-03 3.9E-02 6.2E-05 8.1E-04 6.9E-04 9.8E-05 3.4E-06 1.8E-03 

41 3 1.4E-03 1.2E-03 7.4E-03 2.2E-05 7.6E-05 2.0E-04 5.5E-06 3.7E-06 9.5E-04 

41 1 7.0E-03 3.3E-03 1.8E-02 4.4E-05 4.6E-04 1.6E-04 7.7E-05 2.8E-06 1.9E-04 

41 1 2.1E-03 8.1E-04 5.6E-03 1.6E-05 1.8E-04 1.4E-03 2.4E-05 6.5E-06 1.8E-02 

41 2 2.4E-03 1.5E-03 2.5E-03 7.0E-15 4.3E-05 6.1E-04 3.5E-14 3.6E-06 4.9E-03 

41 3 3.3E-03 1.1E-03 2.0E-03 7.0E-15 8.3E-05 2.2E-04 3.5E-14 2.3E-06 1.5E-04 

41 1 1.8E-03 6.2E-04 5.6E-03 1.9E-05 1.9E-04 6.1E-04 3.4E-05 4.7E-06 1.1E-02 

41 2 1.5E-03 7.4E-04 1.9E-03 7.0E-15 2.5E-05 9.1E-04 1.3E-06 3.6E-06 5.8E-03 

41 3 2.4E-03 8.7E-04 3.4E-03 1.6E-05 3.2E-05 8.1E-04 2.4E-06 3.6E-06 5.1E-03 

41 1 4.2E-03 8.5E-04 1.4E-02 2.9E-05 1.5E-04 8.8E-04 1.2E-05 3.2E-06 6.8E-03 

41 2 2.4E-03 1.3E-03 2.9E-03 7.0E-15 6.7E-15 1.7E-04 5.1E-06 1.6E-05 2.0E-03 

41 3 2.4E-03 9.4E-04 1.9E-03 7.0E-15 2.4E-05 4.1E-04 3.5E-14 2.6E-06 2.2E-04 

41 2 4.3E-03 8.4E-04 1.0E-02 2.3E-05 1.1E-05 2.7E-04 7.9E-06 1.6E-05 7.1E-03 

41 3 2.3E-03 4.2E-04 8.9E-03 2.8E-05 5.2E-05 1.5E-04 3.5E-14 3.7E-06 3.9E-03 

41 1 3.1E-03 1.1E-03 9.0E-03 1.4E-05 8.6E-04 2.1E-04 1.9E-04 1.4E-05 1.9E-03 

41 1 6.0E-03 5.3E-04 6.3E-03 2.6E-05 1.7E-03 2.4E-05 1.5E-05 6.0E-06 1.6E-02 

41 2 4.1E-03 7.1E-04 5.5E-03 1.8E-05 1.5E-04 4.8E-04 2.3E-06 3.2E-06 8.5E-03 

41 3 2.4E-03 1.0E-03 5.3E-03 2.5E-05 1.1E-04 4.2E-04 1.5E-06 4.3E-06 1.1E-02 

41 1 2.9E-03 6.8E-04 5.3E-03 1.4E-05 4.4E-04 4.5E-04 1.3E-05 8.3E-06 8.7E-03 

41 2 2.5E-03 5.4E-04 5.8E-03 1.5E-05 5.5E-05 6.7E-04 5.2E-06 3.4E-06 3.5E-03 

41 3 1.8E-03 8.5E-04 1.3E-02 4.9E-05 1.8E-05 6.3E-05 5.4E-06 8.9E-06 7.1E-04 
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Table B.5 Results of Na-pyrophosphate extraction for each horizon (1: top, 2: middle, and 3: bottom) 

 

Beetle Kill Horizon 
K+ Ca2+ Mg2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

98 2 1.7E-02 1.4E-02 4.4E-03 3.9E-05 5.8E-05 7.2E-03 2.4E-05 3.3E-05 2.0E-02 

98 3 2.4E-02 1.6E-02 4.8E-03 4.6E-05 3.6E-05 3.9E-03 2.7E-05 3.7E-05 1.2E-02 

98 1 2.5E-02 2.4E-02 1.4E-02 5.2E-05 2.0E-03 4.8E-02 1.2E-04 2.0E-05 1.3E-01 

98 2 2.8E-02 2.4E-02 1.4E-02 1.1E-04 3.4E-03 1.9E-02 2.9E-05 3.3E-05 1.6E-02 

98 1 2.7E-02 1.5E-02 1.2E-02 6.3E-05 2.6E-04 2.6E-02 6.9E-05 4.3E-05 4.7E-02 

98 3 2.2E-02 1.4E-02 9.6E-03 4.9E-05 8.7E-05 6.0E-03 2.6E-05 4.4E-05 6.9E-03 

98 2 2.5E-02 7.0E-03 5.5E-03 3.3E-05 2.1E-04 7.0E-03 8.2E-05 2.3E-05 8.4E-03 

98 2 3.2E-02 3.4E-02 1.5E-02 8.5E-05 3.1E-05 8.8E-03 1.8E-05 2.4E-05 7.2E-03 

98 3 3.1E-02 3.1E-02 1.8E-02 8.8E-05 6.4E-05 1.6E-02 3.3E-05 3.2E-05 4.0E-02 

98 2 1.0E-02 7.6E-03 3.4E-03 2.4E-05 2.0E-05 1.7E-02 2.3E-05 3.2E-05 3.6E-02 

98 1 1.5E-02 1.6E-02 6.8E-03 2.9E-05 4.4E-04 1.9E-02 8.3E-05 8.7E-05 5.0E-02 

98 3 2.7E-02 1.5E-02 4.7E-03 5.6E-05 1.7E-05 1.1E-02 1.2E-05 4.1E-05 2.8E-02 

98 2 3.9E-03 3.7E-03 2.1E-03 1.4E-05 4.8E-05 1.6E-02 3.5E-14 4.0E-05 3.0E-02 

98 3 3.6E-03 2.6E-03 1.8E-03 1.3E-05 4.2E-05 1.1E-02 3.5E-14 3.0E-05 2.8E-02 

98 1 1.1E-02 1.6E-02 1.1E-02 4.6E-05 5.0E-04 4.6E-02 2.1E-05 2.7E-05 9.5E-02 

98 2 4.9E-03 4.2E-03 2.1E-03 1.8E-05 3.6E-04 1.2E-02 3.5E-14 3.0E-05 3.2E-02 

98 3 3.6E-03 2.9E-03 1.9E-03 2.0E-05 6.5E-05 7.8E-03 3.5E-14 2.7E-05 1.9E-02 

98 1 6.2E-03 8.2E-03 3.9E-03 2.8E-05 2.0E-04 3.2E-02 3.5E-14 2.2E-05 1.5E-01 

98 2 7.2E-03 2.2E-02 8.2E-03 6.6E-05 5.4E-04 5.4E-03 3.5E-14 2.8E-05 9.1E-03 

98 1 8.8E-03 3.9E-02 1.0E-02 7.7E-05 2.0E-03 1.3E-02 2.9E-05 3.0E-05 3.2E-02 

98 3 7.1E-03 2.1E-02 8.2E-03 6.6E-05 5.0E-05 2.1E-03 3.5E-14 5.6E-05 6.1E-03 

93 2 8.4E-03 2.6E-02 9.4E-03 6.8E-05 3.4E-04 7.2E-03 3.5E-14 6.9E-05 1.2E-02 

93 3 8.5E-03 2.5E-02 1.1E-02 8.2E-05 1.7E-04 2.9E-03 3.5E-14 4.7E-05 6.5E-03 

93 1 8.2E-03 3.7E-02 1.0E-02 8.3E-05 8.1E-04 6.1E-03 3.5E-14 8.1E-05 1.8E-02 

93 2 8.7E-03 3.0E-02 1.5E-02 1.0E-04 1.0E-04 8.6E-03 3.5E-14 6.6E-05 3.0E-02 

93 1 1.1E-02 3.2E-02 1.2E-02 6.0E-05 1.9E-03 2.6E-02 5.5E-05 6.6E-05 7.9E-02 
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Table B.5 continued        

           

Beetle Kill Horizon 
K+ Ca2+ Mg2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

93 3 7.2E-03 1.4E-02 9.3E-03 6.3E-05 8.6E-05 3.7E-03 3.5E-14 2.6E-05 1.8E-02 

93 2 1.1E-02 1.0E-02 4.5E-03 3.2E-05 5.3E-05 7.6E-03 3.5E-14 6.2E-05 1.7E-02 

93 3 1.1E-02 7.5E-03 3.2E-03 2.1E-05 1.1E-04 7.3E-03 3.5E-14 7.4E-05 1.8E-02 

93 1 2.6E-02 2.2E-02 2.4E-02 4.5E-05 1.0E-03 6.9E-02 2.3E-04 6.7E-05 1.9E-01 

93 2 1.0E-02 5.5E-03 2.2E-03 2.0E-05 8.6E-05 1.0E-02 3.5E-14 7.9E-06 1.8E-02 

93 2 1.0E-02 3.3E-03 2.0E-03 1.5E-05 8.0E-05 8.9E-03 3.5E-14 7.9E-06 1.7E-02 

93 1 1.0E-02 1.7E-02 6.4E-03 4.0E-05 2.5E-03 2.0E-02 3.5E-14 4.0E-05 4.3E-02 

93 3 9.6E-03 6.3E-03 3.3E-03 2.4E-05 3.7E-05 5.5E-03 3.5E-14 7.9E-06 1.6E-02 

93 2 9.3E-03 7.9E-03 5.7E-03 3.0E-05 2.2E-05 1.4E-02 3.5E-14 5.1E-05 3.5E-02 

93 1 1.3E-02 5.0E-03 7.1E-03 1.4E-05 9.5E-05 3.1E-02 3.5E-14 3.1E-05 7.0E-02 

93 3 8.2E-03 1.1E-02 7.1E-03 4.5E-05 2.5E-05 9.4E-03 3.5E-14 7.9E-06 3.3E-02 

93 2 3.6E-03 7.7E-03 5.1E-03 2.1E-05 3.7E-05 7.9E-03 2.6E-05 7.9E-06 2.0E-02 

93 3 4.5E-03 7.5E-03 4.7E-03 2.1E-05 4.1E-05 6.7E-03 9.4E-06 1.7E-05 2.3E-02 

93 1 5.7E-03 2.6E-02 8.5E-03 4.7E-05 7.1E-04 2.3E-02 6.5E-05 6.0E-05 5.1E-02 

93 2 6.0E-03 1.2E-02 5.4E-03 3.7E-05 1.4E-04 1.2E-02 2.3E-05 2.6E-05 2.7E-02 

93 1 1.2E-02 1.8E-02 1.7E-02 4.7E-05 1.4E-03 6.3E-02 1.9E-04 7.8E-05 1.5E-01 

93 3 7.9E-03 9.0E-03 4.6E-03 3.3E-05 4.4E-05 6.3E-03 2.1E-05 4.6E-05 2.7E-02 

52 2 2.9E-02 7.3E-03 2.6E-03 2.3E-05 1.0E-04 1.5E-02 1.5E-05 7.9E-06 2.9E-02 

52 3 2.8E-02 1.3E-02 4.5E-03 4.8E-05 6.7E-05 1.4E-02 4.1E-05 4.0E-05 4.1E-02 

52 1 3.4E-02 3.3E-02 1.4E-02 8.1E-05 3.1E-03 4.1E-02 1.5E-04 2.9E-05 1.0E-01 

52 1 2.7E-02 7.9E-03 5.6E-03 2.0E-05 2.7E-04 2.2E-02 3.8E-05 1.0E-05 5.6E-02 

52 2 2.5E-02 7.5E-03 3.4E-03 2.8E-05 3.9E-04 1.2E-02 1.8E-05 2.1E-05 9.1E-02 

52 3 2.0E-02 1.0E-02 4.9E-03 5.5E-05 9.4E-05 4.5E-03 2.8E-05 3.4E-05 2.1E-02 

52 2 2.7E-02 6.4E-03 3.1E-03 1.9E-05 7.0E-05 2.5E-02 3.3E-05 7.9E-06 1.3E-01 

52 3 2.7E-02 6.6E-03 3.8E-03 2.6E-05 8.1E-05 7.8E-03 2.2E-05 7.9E-06 3.1E-02 

52 1 3.1E-02 1.5E-02 9.2E-03 4.1E-05 2.4E-04 3.6E-02 6.6E-05 7.9E-06 9.4E-02 

52 2 2.2E-02 1.5E-02 6.9E-03 4.8E-05 1.3E-03 1.4E-02 2.8E-05 1.6E-05 3.6E-02 
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Table B.5 continued        

           

Beetle Kill Horizon 
K+ Ca2+ Mg2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

52 1 2.3E-02 2.2E-02 4.5E-03 4.7E-05 1.8E-03 5.3E-03 2.9E-05 2.0E-05 2.3E-02 

52 3 2.1E-02 1.9E-02 5.2E-03 5.8E-05 1.5E-04 3.2E-03 1.7E-05 7.9E-06 9.3E-03 

52 1 2.5E-02 7.1E-03 2.4E-02 3.5E-05 3.0E-03 8.7E-02 1.7E-04 2.5E-05 2.1E-01 

52 2 1.1E-02 5.0E-03 5.6E-03 1.7E-05 4.0E-04 1.0E-02 3.1E-05 7.9E-06 3.0E-02 

52 3 1.2E-02 4.3E-03 5.2E-03 1.7E-05 3.0E-04 6.4E-03 3.7E-05 2.0E-05 2.0E-02 

52 2 8.7E-03 4.8E-03 2.8E-03 1.7E-05 1.2E-04 8.3E-03 2.9E-05 2.0E-05 3.2E-02 

52 3 1.2E-02 4.3E-03 2.4E-03 1.2E-05 1.2E-04 5.1E-03 2.4E-05 2.2E-05 2.1E-02 

52 1 1.1E-02 6.6E-03 3.8E-03 1.9E-05 3.3E-04 7.7E-03 2.5E-05 2.0E-05 2.9E-02 

52 2 1.1E-02 1.9E-02 5.8E-03 3.7E-05 3.5E-04 2.1E-02 3.9E-05 3.3E-05 6.8E-02 

52 1 1.5E-02 4.1E-02 1.3E-02 1.2E-04 1.2E-03 2.8E-02 1.8E-04 6.8E-05 1.2E-01 

52 3 1.0E-02 2.7E-02 1.0E-02 5.1E-05 2.5E-04 1.9E-02 3.8E-05 5.0E-05 5.7E-02 

41 2 1.1E-02 4.1E-02 3.0E-02 3.4E-05 1.2E-03 5.2E-02 3.0E-04 4.0E-05 7.1E-02 

41 3 1.3E-02 1.1E-02 5.2E-03 3.5E-05 1.2E-04 8.8E-03 4.0E-05 2.8E-05 9.7E-03 

41 1 1.7E-02 3.7E-02 8.7E-03 8.0E-05 2.1E-03 1.0E-01 2.1E-04 5.7E-05 5.3E-02 

41 1 1.6E-02 3.1E-03 2.1E-03 1.6E-05 1.3E-04 3.3E-03 1.2E-05 2.1E-05 1.1E-02 

41 2 1.3E-02 3.9E-03 2.1E-03 1.5E-05 8.2E-05 6.0E-03 1.5E-05 1.7E-05 1.7E-02 

41 3 1.6E-02 1.0E-02 8.4E-03 2.8E-05 4.2E-04 5.2E-02 1.2E-04 4.4E-05 1.1E-01 

41 1 1.8E-02 8.5E-03 5.2E-03 2.3E-05 4.8E-04 6.7E-02 1.7E-04 4.5E-05 2.1E-01 

41 2 1.3E-02 3.1E-03 2.0E-03 1.3E-05 8.2E-05 1.3E-02 1.9E-05 2.1E-05 4.0E-02 

41 3 2.6E-02 5.0E-03 2.1E-03 2.3E-05 4.1E-05 1.2E-02 3.7E-05 1.9E-05 2.7E-02 

41 1 1.6E-02 3.4E-03 2.6E-03 9.6E-06 4.7E-05 3.4E-03 2.9E-05 1.9E-05 1.6E-02 

41 2 1.6E-02 5.0E-03 1.4E-03 1.3E-05 1.8E-05 5.2E-03 3.6E-05 6.0E-05 1.8E-02 

41 3 1.7E-02 2.2E-02 4.9E-03 4.4E-05 3.9E-04 3.4E-02 5.5E-05 2.9E-05 7.0E-02 

41 2 1.6E-02 1.5E-02 6.6E-03 5.5E-05 1.4E-04 2.9E-03 1.3E-05 2.2E-05 2.1E-02 

41 3 1.8E-02 1.3E-02 5.5E-03 3.1E-05 4.3E-05 6.8E-03 3.3E-05 6.6E-05 2.5E-02 

41 1 2.3E-02 1.8E-02 3.8E-03 3.0E-05 1.6E-03 1.5E-02 7.6E-05 4.2E-05 2.9E-02 

41 1 2.9E-02 8.9E-03 7.6E-03 3.3E-05 3.7E-03 5.1E-02 1.1E-04 4.4E-05 1.1E-01 
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Table B.5 continued        

           

Beetle Kill Horizon 
K+ Ca2+ Mg2+ Sr2+ Mn2+ Fe3+ Zn2+ Cu2+ Al3+ 

(mol/kg soil) 

41 2 3.1E-02 7.2E-03 2.7E-03 2.5E-05 2.5E-04 1.8E-02 4.1E-05 2.7E-05 5.3E-02 

41 3 1.9E-02 1.0E-02 1.2E-02 4.6E-05 2.8E-04 4.1E-02 6.2E-05 5.3E-05 1.3E-01 

41 1 1.3E-02 1.9E-02 9.1E-03 7.2E-05 4.4E-05 7.2E-03 3.1E-05 6.0E-05 2.1E-02 

41 2 1.5E-02 1.2E-02 7.6E-03 3.0E-05 1.8E-04 2.8E-02 6.4E-05 2.6E-05 6.4E-02 

41 3 2.1E-02 1.1E-02 1.1E-02 3.2E-05 1.1E-03 4.2E-02 9.8E-05 5.4E-05 1.2E-01 
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Figure B.1 Spearman correlation matrix of surface water quality parameters including select base 
cations. Red x's indicate correlation coefficients with p<0.1 and strength of correlation is 
indicated by color (white: very weak to weak, light green or brown: moderate (positively and 
negatively, respectively), and dark green or brown: strong). 
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Figure B.2 Spearman correlation matrix of surface water quality parameters including select 
metals. Red x's indicate correlation coefficients with p<0.1 and strength of correlation is 
indicated by color (white: very weak to weak, light green or brown: moderate (positively and 
negatively, respectively), and dark green or brown: strong). 



    

117 

 

 

 

Figure B.3 Spearman correlation matrix of soil geochemical parameters. Red x's indicate 
correlation coefficients with p<0.1 and strength of correlation is indicated by color (white: very 
weak to weak, light green or brown: moderate (positively and negatively, respectively), and dark 
green or brown: strong). H represents horizon, HpH represent pHH2O, and CpH represents 
pHCaCl2. 
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Figure B.4 Spearman correlation matrix of select metals and geochemical parameters from 
rainwater extractions representing the soluble fraction in all horizons of soil. Red x's indicate 
correlation coefficients with p<0.1 and strength of correlation is indicated by color (white: very 
weak to weak, light green or brown: moderate (positively and negatively, respectively), and dark 
green or brown: strong). H represent horizon, geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
 

 

 



    

119 

 

Figure B.5 Spearman correlation matrix of select metals and geochemical parameters from 
rainwater extractions representing the soluble fraction in the A horizon of soil. Red x's indicate 
correlation coefficients with p<0.1 and strength of correlation is indicated by color (white: very 
weak to weak, light green or brown: moderate (positively and negatively, respectively), and dark 
green or brown: strong). Geology represents the geology of the bedrock where the soil sample 
was collected, and HpH represent soil pHH2O. 
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Figure B.6 Spearman correlation matrix of select metals and geochemical parameters from 
rainwater extractions representing the soluble fraction in the B horizon of soil. Red x's indicate 
correlation coefficients with p<0.1 and strength of correlation is indicated by color (white: very 
weak to weak, light green or brown: moderate (positively and negatively, respectively), and dark 
green or brown: strong). Geology represents the geology of the bedrock where the soil sample 
was collected, and HpH represent soil pHH2O. 
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Figure B.7 Spearman correlation matrix of select metals and geochemical parameters from 
rainwater extractions representing the soluble fraction in the C horizon of soil. Red x's indicate 
correlation coefficients with p<0.1 and strength of correlation is indicated by color (white: very 
weak to weak, light green or brown: moderate (positively and negatively, respectively), and dark 
green or brown: strong). Geology represents the geology of the bedrock where the soil sample 
was collected, and HpH represent soil pHH2O. 
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Figure B.8 Spearman correlation matrix of select metals and geochemical parameters from 
MgCl2 extractions representing the exchangeable fraction in all horizons of soil. Red x's indicate 
correlation coefficients with p<0.1 and strength of correlation is indicated by color (white: very 
weak to weak, light green or brown: moderate (positively and negatively, respectively), and dark 
green or brown: strong). H represent horizon, geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.9 Spearman correlation matrix of select metals and geochemical parameters from 
MgCl2 extractions representing the exchangeable fraction in the A horizon of soil. Red x's 
indicate correlation coefficients with p<0.1 and strength of correlation is indicated by color 
(white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). Geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.10 Spearman correlation matrix of select metals and geochemical parameters from 
MgCl2 extractions representing the exchangeable fraction in the B horizon of soil. Red x's 
indicate correlation coefficients with p<0.1 and strength of correlation is indicated by color 
(white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). Geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.11 Spearman correlation matrix of select metals and geochemical parameters from 
MgCl2 extractions representing the exchangeable fraction in the C horizon of soil. Red x's 
indicate correlation coefficients with p<0.1 and strength of correlation is indicated by color 
(white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). Geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.12 Spearman correlation matrix of select metals and geochemical parameters from Na-
pyrophosphate extractions representing the organically bound fraction in all horizons of soil. Red 
x's indicate correlation coefficients with p<0.1 and strength of correlation is indicated by color 
(white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). H represent horizon, geology represents the 
geology of the bedrock where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.13 Spearman correlation matrix of select metals and geochemical parameters from Na-
pyrophosphate extractions representing the organically bound fraction in the A horizon of soil. 
Red x's indicate correlation coefficients with p<0.1 and strength of correlation is indicated by 
color (white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). Geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.14 Spearman correlation matrix of select metals and geochemical parameters from Na-
pyrophosphate extractions representing the organically bound fraction in the B horizon of soil. 
Red x's indicate correlation coefficients with p<0.1 and strength of correlation is indicated by 
color (white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). Geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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Figure B.15 Spearman correlation matrix of select metals and geochemical parameters from Na-
pyrophosphate extractions representing the organically bound fraction in the C horizon of soil. 
Red x's indicate correlation coefficients with p<0.1 and strength of correlation is indicated by 
color (white: very weak to weak, light green or brown: moderate (positively and negatively, 
respectively), and dark green or brown: strong). Geology represents the geology of the bedrock 
where the soil sample was collected, and HpH represent soil pHH2O. 
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APPENDIX C 

SUPPLEMENTAL INFORMATION TO CHAPTER 4 

 

 

Figure C.1 Flux in of (a) Na+, (b) Ca2+, (c) Mg2+, (d) F-, (e) Cl- with increasing %Pine and 
increasing %PBK. 
 


