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ABSTRACT

I examined the landscape, temporal, and vertical patterns o f soil amino acid 

composition across a primary successional sequence encompassing a natural gradient of 

plant productivity and soil physicochemical characteristics. Soil was collected from five 

stages (willow, alder, balsam poplar, white spruce, and black spruce) of the Tanana River 

successional sequence in interior Alaska in June, August, and September 2001; water- 

extractable amino acid composition and concentration were determined by HPLC. I also 

assessed differences among the forest floor (Oe/Oa), buried organic horizons (BOHs), 

and mineral horizons in balsam poplar and white spruce soils. Irrespective of 

successional stage, month, or horizon, the dominant amino acids were alanine, 

asparagine, aspartic acid, glutamic acid, glutamine, and histidine, accounting for roughly 

80% of the total amino acid pool. Amino acid concentrations were an order o f magnitude 

higher in coniferous-dominated late successional stages than in early deciduous- 

dominated stages. Amino acid composition and concentration were generally constant 

throughout the growing season. Amino acid concentrations were highest in the Oe/Oa 

horizon and rapidly decreased with depth. BOHs generally had greater amino acid 

concentrations than the surrounding mineral horizons. These results further demonstrate 

that amino acids are important components o f the biogeochemical diversity of nitrogen 

forms in boreal forests.
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CHAPTER 1:

GENERAL INTRODUCTION

Nitrogen (N) is a key element in plant nutrition and growth, and it is often the 

most limiting nutrient (Vitousek and Howarth, 1991). Traditional views of the terrestrial 

N cycle (Figure 1.1a) show that plants use inorganic forms of N (NH4+ and N03-) 

supplied by the mineralization of organic matter via soil microorganisms. Mineralization 

is thus considered to be the driving factor governing the N cycle (Schimel and Bennett, 

2004); however, the mineralization step is also thought to be a major bottleneck that 

restricts N supply to the plant (Chapin, 1995). This is especially true in boreal forest 

ecosystems, where N availability (mainly in NH4+ form) is low due to slow 

decomposition and mineralization rates brought about by a cold, dry climate, poor 

organic matter quality, and decreased microbial activity (Van Cleve and Alexander,

1981; Flanagan and Van Cleve, 1983; Van Cleve et al., 1991). The result is a system 

where N supply is often less than half o f the plants’ annual N requirements (Ruess et al.,

1996).

So how can plants get the nutrients they need? Recent studies have shown that 

plants may rely on organic forms of N to fulfill their N requirements (e.g., Kielland,

1994; Lipson and Nasholm, 2001). There is a worldwide geographic distribution of plant 

species and growth forms (e.g., coniferous and deciduous trees, shrubs, grasses, sedges, 

and mosses) that absorb organic N in the form of amino acids, peptides, and proteins 

directly through roots without mycorrhizae or via ericoid, ecto-, or other mycorrhizal 

associations (Kielland, 1994, 1997; Kaye and Hart, 1997; Lipson and Nasholm, 2001). 

Numerous laboratory, in situ, and field studies have shown that plants can directly absorb 

organic forms of N, namely free amino acids, thereby circumventing the traditional 

mineralization bottleneck (Chapin et al., 1993; Kielland, 1994; Raab et al., 1996; Schimel 

and Chapin, 1996; Nasholm et al., 1998). This process may be especially significant in 

nutrient-limited ecosystems such as the boreal forest where organic forms of N dominate
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over inorganic N forms (Van Cleve and Alexander, 1981; Walker, 1989; Jones and 

Kielland, 2002; Kielland et al., in review).

The newly discovered role of organic N in plant nutrition has caused a re- 

evaluation of the traditional N cycle, and now the process of organic N production by 

depolymerization of complex organic matter, instead of N mineralization, is deemed as 

the rate-limiting step to generating bioavailable N (Figure 1.1b; Chapin et al., 2002; Jones 

and Kielland, 2002; Schimel and Bennett, 2004). The depolymerization step is 

accomplished by microorganisms that secrete exoenzymes, such as proteases, that break 

down the complex organic matter into dissolved organic N, including amino acids 

(Chapin et al., 2002; Schimel and Bennett, 2004).

Over 90% o f the N in surface horizons of natural and agricultural soils occurs in 

organic forms such as amino acids, amino sugars, and nucleic acids; and amino acids are 

often the largest fraction, normally accounting for 40-50% of the total organic N, with 

most amino acids occurring in polypeptides and proteins (Stevenson, 1982; Schulten and 

Schnitzer, 1998). Besides the amino acids that are components of proteins and 

polypeptides, free amino acids are also present in the soil, and likely originate from plants 

(e.g., root exudates, plant storage tissue, plant cell cytoplasm), and microbial lysis.

Amino acids are important constituents of proteins, and, despite the great 

diversity of proteins, their complexity, and their biological function (e.g., enzymes, 

hemoglobin, plasma membrane transport, hormones, plant seed nutrient storage, muscle 

contraction, skin, feathers, and horns), all proteins are made from the same ubiquitous set 

of 20 standard amino acids (Lehninger et al., 1993). Each amino acid has a carboxyl 

group (-CO O ), an amino group (-NH3+), and a hydrogen atom; but the 20 amino acids 

differ in the length, shape (i.e., ring structures), polarity, and charge of their side chains, 

or R groups (Figure 1.2 and Table 2.5). These differences in amino acid R groups affect 

the biochemical activity, diffusion rate in the soil solution, adsorption onto the soil 

exchange sites, and the prevalence of individual amino acids in the soil environment.

To date, inferences regarding the importance of amino acids as an organic N 

source have been largely based on physiological studies o f plant amino acid uptake;



3

however, few studies have examined the actual amino acid composition in the soil. In 

addition, most plant uptake studies have involved glycine or the other simple-structured 

amino acids, with little consideration to which amino acids are naturally most prevalent 

in the soil, or whether a plant can readily take up other amino acids. Although these 

uptake studies merit interest and have elucidated important mechanisms of plant and 

microbial uptake of amino acids, such observations may have little ecological 

significance if these specific amino acids are not naturally present in the soil, or present 

in sufficient quantities to substantially contribute to the N requirements of plants.

The main objective of my research was to identify which amino acids are the 

major constituents o f the organic N pool in the boreal forest in interior Alaska. My 

research examined the landscape, temporal, and vertical patterns of soil amino acids in a 

nutrient-limited floodplain successional sequence located on the Tanana River, near 

Fairbanks, Alaska. The successional sequence encompasses a natural gradient of terrace 

age, plant productivity, decomposition rates; differences in soil temperature, pH, bulk 

density, organic matter content, carbon and N content; and a transition from shrub to tree 

dominance and from deciduous to coniferous-dominated species (Van Cleve et al., 

1993ab; Viereck et al., 1993; Yarie et al., 1993). I list specific hypotheses and rationale in 

the subsequent chapters, but my overarching hypothesis was that successional differences 

in vegetation inputs and soil physicochemical characteristics would result in significant 

differences in soil amino acid composition and concentration across the successional 

sequence, over the growing season, and among the different soil horizons.

This thesis is presented as two chapters in manuscript format. In Chapter 2, “Soil 

amino acid composition across a boreal forest successional sequence”, I investigated the 

composition of the soil amino acid pool, the concentration of soil amino acids, 

differences in amino acid composition and concentration between organic and mineral 

horizons, and the seasonal dynamics of soil amino acids among five successional stages 

(willow, alder, balsam poplar, white spruce, and black spruce) on the Tanana River 

floodplain. In Chapter 3, “Amino acid distribution in buried organic horizons of boreal 

forest floodplain soils”, I examined the composition and concentration of soil amino
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acids with depth in the soil profile, with emphasis on the buried organic horizons (BOHs) 

commonly found in floodplain soils. I investigated the distribution of BOHs in soil 

profiles, and differences in soil physicochemical properties, composition of the soil 

amino acid pool, and concentration of soil amino acids in the forest floor, BOHs, and 

mineral horizons in the top 20 cm of soil in the mid-successional stages o f balsam poplar 

and white spruce. Both chapters were written as manuscripts to be submitted for 

publication in peer-reviewed scientific journals. K. Kielland and R. D. Boone were co

authors on both manuscripts, and provided field/laboratory support and comments on the 

text; however, I executed the research and wrote the manuscripts independently.
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Figure 1.1 Simplified terrestrial nitrogen cycle, a) Traditional view where mineralization o f soil organic matter (OM) into 
inorganic N (mainly NH4+) is the rate determining step, b) New view where depolymerization o f complex soil OM into 
dissolved organic nitrogen (DON), including amino acids, is the rate determining step. Thickness o f lines indicates the 
relative strength o f the process in the boreal forest in interior Alaska. This figure is adapted from Kielland, 1994; Chapin et 
al., 2002; and Schimel and Bennett, 2004.
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Figure 1.2 Molecular structures of the 20 standard amino acids. Amino acids are 
shown in non-ionized form, but grouped according to the charge and polarity of their R 
groups. See Table 2.5 for additional amino acid properties.
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CHAPTER 2:

SOIL AMINO ACID COMPOSITION ACROSS A BOREAL FOREST 

SUCCESSIONAL SEQUENCE1

A b s t r a c t

Soil amino acids are important sources o f organic nitrogen for plant nutrition, yet 

few studies have examined which amino acids are most prevalent in the soil. In this 

study, I examined the composition, concentration, and seasonal patterns of soil amino 

acids across a primary successional sequence encompassing a natural gradient o f plant 

productivity and soil physicochemical characteristics. Soil was collected from five stages 

(willow, alder, balsam poplar, white spruce, and black spruce) of the floodplain 

successional sequence on the Tanana River in interior Alaska. Water-extractable amino 

acid composition and concentration were determined by HPLC. Irrespective of 

successional stage, the amino acid pool was dominated by glutamic acid, glutamine, 

aspartic acid, asparagine, alanine, and histidine. These six amino acids accounted for 

approximately 80% of the total amino acid pool. Amino acid concentrations were an 

order of magnitude higher in coniferous-dominated late successional stages than in early 

deciduous-dominated stages. Amino acid concentrations in organic horizons (combined 

forest floor and buried organic horizons) were an order of magnitude greater than in 

mineral horizons. The composition and concentration of amino acids were generally 

constant throughout the growing season. The similar amino acid composition across the 

successional sequence suggests that amino acids originate from a common source or 

through similar biochemical processes, and that vegetation type, soil pH, or organic 

matter content are poor predictors of amino acid composition. However, the high 

concentration of amino acids in organic horizons and in late successional soils suggests 

that organic matter content may be a good indicator of amino acid concentration. These

'Werdin-Pfisterer, N.R., Kielland, K., Boone, R.D. Soil amino acid composition across a 
boreal forest successional sequence. Prepared for submission in Soil Biology & 
Biochemistry.
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results further demonstrate that amino acids are important components of the 

biogeochemical diversity of nitrogen forms in boreal forests.

I n t r o d u c t io n

The role of dissolved organic nitrogen (N) in meeting the nutritional requirements 

of forest and agricultural plants has received much recent attention. There is a worldwide 

geographic distribution of plant species and growth forms that use organic N in the form 

of amino acids, peptides, and proteins directly through roots without mycorrhizae or via 

ericoid, ecto-, or other mycorrhizal associations (Kielland, 1994; Lipson and Nasholm, 

2001). Numerous laboratory, in situ, and field studies have shown that plants can directly 

absorb organic forms of N, namely free amino acids, thereby circumventing the 

traditional mineralization bottleneck (Chapin et al., 1993; Kielland, 1994; Raab et al., 

1996; Schimel and Chapin, 1996; Nasholm et al., 1998). Inferences regarding the 

importance of amino acids as an organic N source have been largely based on 

physiological studies of plant uptake; however, few studies have examined the actual 

amino acid composition in the soil.

Dissolved organic N may be especially significant in boreal regions where the 

production o f inorganic N via N mineralization and organic matter decomposition is slow 

due to a cold, dry climate (Van Cleve and Alexander, 1981; Flanagan and Van Cleve, 

1983; Van Cleve et al., 1991). Organic forms of N dominate over inorganic N forms in 

the Tanana River floodplain ecosystem in interior Alaska (Walker, 1989), and a recent 

study showed that the concentration of the soil amino acid pool is 1.1-5.1 times greater 

than dissolved inorganic N (ammonium plus nitrate) concentration (Kielland et al., in 

review). In addition, boreal forests in interior Alaska receive minimal N in the form of 

atmospheric deposition, with inputs (2001 values) of only 0.18 kg N ha'1 yr"1 (National 

Atmospheric Deposition Program, 2005). The Tanana River floodplain successional 

sequence accordingly provided an ideal setting to study the soil amino acid composition 

o f a relatively pristine, organic N-dominated ecosystem.
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Primary succession on the Tanana River occurs over a timescale of more than 300 

years (Viereck et al., 1993a) and is well documented by over three decades of research 

(Van Cleve et al., 1993b). The successional sequence represents a natural gradient of 

plant productivity and soil physicochemical characteristics, including soil temperature, 

organic matter content, pH, carbon and N concentration, and decomposition rates (Van 

Cleve et al., 1993ac; Viereck et al., 1993a; Yarie et al., 1993). Along the successional 

sequence, there are several critical “turning points” that result in major functional 

changes to the ecosystem: 1) canopy closure and increased litter deposition lead to forest 

floor development, 2) the addition of the N-fixing species thinleaf alder (Alnus tenufolia) 

increases soil N concentration, 3) a shift from shrub to tree dominance, 4) a change from 

deciduous to coniferous species, and 5) development of an insulating moss layer which 

decreases soil temperature and promotes the formation and maintenance of permafrost 

(Viereck, 1989). These differences in vegetation inputs, soil characteristics, and key 

ecosystem processes may affect the composition and concentration of soil amino acids 

across this successional sequence.

Soil amino acid concentrations have been shown to vary over the growing season 

and likely reflect seasonal changes in soil and plant biology. Increased utilization of 

available soil amino acids during plant and microorganism growth cycles may deplete the 

amino acid concentrations in the soil (Jones et al., 2005b; Weintraub and Schimel, 2005). 

Seasonal freeze-thaw and dry-rewet events may cause flushes o f amino acids from lysis 

of microbial, mycorrhizal, or root tissue (Kielland, 1995; Lipson and Monson, 1998), as 

well as the physical disintegration of soil organic matter structure (Ivarson and Sowden, 

1966). Seasonal changes in microbial activity may alter microbial production of 

exoenzymes that break down proteins into soluble peptides and amino acid constituents 

(Abuarghub and Read, 1988b; Lipson and Nasholm, 2001; Read and Perez-Moreno, 

2003). Other relevant seasonal amino acid sources may include fall and winter root and 

mycorrhizal death (Ruess et al., 2006), root exudation (Jones, 1999; Jones et al., 2005b), 

and fall litter inputs (Chapin and Kedrowski, 1983; Chapin et al., 1986). Although 

temporal variation in soil amino acids may result from a number of different sources, it is
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essential to describe the seasonal dynamics of the amino acid pool to fully begin to 

understand its potential importance in the N cycle.

My research quantified the landscape and temporal patterns of soil amino acids in 

a nutrient-limited floodplain successional sequence in interior Alaska. I predict that the 

composition of the soil amino acid pool varies across the successional sequence, with 

acidic amino acids with simple molecular structures (e.g., glycine, aspartic and glutamic 

acid) prevalent in the early deciduous-dominated successional stages with alkaline soil, 

and neutral or basic amino acids with a more complex molecular structure (e.g., arginine, 

histidine, phenylalanine) common in the later coniferous-dominated successional stages 

with acidic soil. Second, I predict that the concentration of soil amino acids increases 

across the succession sequence, as plant-derived organic matter accumulates and N 

mineralization and microbial immobilization of amino acids slows with declining soil 

temperatures and increasingly recalcitrant soil organic matter. Finally, I predict that soil 

amino acid concentration is greatest in the spring after root and microbial lysis during the 

winter. To test these hypotheses, I investigated 1) the composition o f the soil amino acid 

pool, 2) the concentration of soil amino acids, 3) differences in amino acid composition 

and concentration between organic and mineral horizons, and 4) the seasonal dynamics of 

soil amino acids among the five successional stages (willow, alder, balsam poplar, white 

spruce, and black spruce) on the Tanana River floodplain.

M e t h o d s  

Study area

The study area was located on the Tanana River floodplain within the Bonanza 

Creek Long Term Ecological Research (LTER) site, 20 km southwest of Fairbanks, in 

interior Alaska (lat. 64°44’N, long. 148°15’W; elevation 120 m). The climate is strongly 

continental and semiarid with cold winters and warm, dry summers (Viereck et al.,

1993b). Mean annual temperature is -3.3°C, with temperature extremes ranging from 

-50°C in winter to 35°C in summer. Mean annual precipitation is 269 mm yr’1, with
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approximately 37% falling as snow. The growing season is 100 days or less. The Tanana 

River, nearly 1000 km in length (Collins, 1990), is the largest tributary of the Yukon 

River and carries a heavy silt load, with 85% of its discharge from glacier-fed tributaries 

originating in the Alaska Range (Anderson, 1970). The Tanana River floods frequently 

due to spring snowmelt and late summer rain and glacial melt water, producing alluvium 

terraces of progressively greater age with increasing distance from the river’s edge (Van 

Cleve et al., 1993a; Yarie et al., 1998).

Study site selection

The study area represents a primary successional sequence encompassing a 

natural gradient of terrace age, plant productivity, and soil physicochemical 

characteristics (Table 2.1). Although 12 different successional stages have been identified 

on the Tanana River floodplain (Viereck et al., 1993a), I chose to study fully-developed 

stands o f the five dominant vegetation types: willow, alder, balsam poplar, white spruce, 

and black spruce. I placed three replicate plots in each of the five successional stages, 

making a total o f 15 plots that were located along an 11 km stretch of the river (Figure 

2.1). Replicated plots of each successional stage had a similar vegetative community, 

stand structure, and age, but captured the natural variability across the ecosystem. Each 

plot was 900 m2 in area (30 m x 30 m or 20 m x 45 m), and all plots were accessible by 

riverboat.

Although f placed most of my experimental plots near the Bonanza Creek LTER 

plots that were established in 1987 (floodplain successional stages designated FP1, 2, 3,

4, and 5; replicates A, B, C, and D; LTER, unpublished), my plots did not always match 

the LTER plots, as several of the early successional plots have now developed into the 

next successional stage. My willow plots WI1 and WI2 were located near LTER plot 

FP1C. Alder plots AL1 and AL2 were located near FP1 A, and AL3 was near FP1B. 

Balsam poplar plots BP1, BP2, and BP3 were similarly named and located near the plots 

established by R. Ruess. White spruce plots WS1, WS2, and WS3 were near FP4A,
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FP4B, and FP4C respectively. Black spruce plots BS1, BS2, and BS3 were near FP5A, 

FP5C, and FP5D respectively.

Vegetation

To characterize the general vegetation composition of the five successional 

stages, I measured percent understory cover on five 1 m2 quadrats; percent tall shrub 

cover on five 4 m2 quadrats; and tall shrub and tree density, diameter (basal diameter for 

shrubs, diameter at 1.4 m height for trees), and height along a transect in each replicate 

plot. Density, height, and diameter measurements of the dominant overstory species of 

each successional stage and summary cover percentages (tall shrub, low shrub, herb, 

moss, litter, and dead wood) are given in Table 2.2.

Willow plots were characterized by the dominance of Salix species (Salix 

alaxensis, S. niphoclada, S. interior, S. lasiandra and S. pseudomyrsinites), balsam poplar 

(.Populus balsamifera) seedlings, and scattered clumps of thinleaf alder (Alnus tenufolia). 

The willow understory was dominated by horsetail (Equisetum variegatum and E. 

arvense), sedge (Carex spp.), and a thin moss layer of Bryum spp. Alder plots were 

characterized by a dense canopy of Alnus tenufolia, scattered willow {S. 

pseudomyrsinites) shrubs, and a few P. balsamifera saplings and trees. The alder 

understory was dominated by E. arvense and fireweed (Epilobium angustifolium), but 

was generally sparse due to heavy shading and litter accumulation. Balsam poplar plots 

were characterized by a tall, mature Populus balsamifera overstory, and a dense shrub 

layer of A. tenufolia. The balsam poplar understory was dominated by orange-berry 

bastard toadflax (Geoeaulon lividum) and E. arvense, but was fairly sparse due to the 

high litter cover. White spruce plots were characterized by a large, mature Picea glauca 

overstory, and a dense tall shrub layer of rose (Rosa acicularis), Siberian and thinleaf 

alder (Alnus viridis subsp.frutieosa and A. tenufolia, respectively), and high-bush 

cranberry ( Viburnum edule). The white spruce understory was dominated by G. lividum, 

E. arvense, bunchberry (Cornus canadensis), the low shrub twinflower (Linnaea 

borealis), and a thick layer of feather moss (Hylocomium splendens). Black spruce plots
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were characterized by an open canopy of mature Picea mariana trees, scattered tamarack 

(Larix laricina) and paper birch (Betula neoalaskana) trees, a diverse tall shrub layer of 

R. acicularis, A. viridis subsp.fruticosa, A. tenufolia, S. arbusculoides, S. alexensis, and 

dwarf birches (Betula glandulosa and B. nana). The black spruce understory was 

dominated by G. lividium, cottongrass (Eriophorum vaginatum), and Equisetum arvense; 

a dense low shrub layer of Labrador tea (Ledum groenlandicum), low-bush cranberry 

(Vactinium vitis-idaea), crowberry (.Empetrum nigrum), blueberry (V. uliginosum), and 

L. borealis', and a thick, nearly continuous moss layer of H. splendens, Aulacomnium 

palustre, Pleurozium schreberi, and Sphagnum species.

Soils

Soils of the five successional stages are alluvial and have coarse-loamy texture, 

but each successional stage differs in soil classification (Ping and Johnson, 2000). Willow 

soils are classified as Typic Cryofluvents, alder soils as Typic Cryaquents, balsam poplar 

soils as Fluvaquentic Cryaquepts, white spruce soils as Aquic Eutrocryepts, and black 

spruce soils as Typic Historthels. All soils from the Tanana River floodplain are cold, 

wet, and poorly developed. Roots tend to be concentrated close to the soil surface, with 

nearly 90% of annual fine root production located in the top 30 cm of mid-successional 

soils (Ruess et al., 2006). Organic matter accumulates over succession, with forest floor 

thickness ranging from 0 cm in willow to 30 cm in black spruce soils (Table 2.1; Viereck 

et al., 1993a). Soil temperature generally decreases over succession, and permafrost 

occurs in the late successional stages of white and black spruce (Table 2.1; Viereck et al., 

1993a). Buried organic horizons (BOHs) are an unique feature of these floodplain soils. 

BOHs result from flooding events where the river deposits new alluvium on top of the 

existing forest floor, resulting in alternating bands of organic and mineral soil within the 

soil profile. BOHs were observed in the alder, balsam poplar, and white spruce 

successional stages.
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Field sampling

I sampled soils three times during 2001: June, just after soil thaw, early August, in 

the middle o f the growing season, and late September, just prior to freeze-up. For each 

sampling event, I used a stainless steel corer to obtain eight soil cores (5.8 cm diameter x 

20 cm depth) starting at the top of the Oe horizon (after clearing off the fresh Oi litter 

horizon), along a randomized coordinate grid system in each 900 m2 replicate plot of the 

five successional stages. Generally, two plots were sampled per day, for a total sampling 

duration of eight days. The three replicate plots for each successional stage were sampled 

successively. In early August 2001, flooding prevented sampling in two of the willow 

plots, so I sampled them in late August after the water had subsided. The third willow 

plot was not flooded and was sampled in both early and late August. Results from the 

third willow plot indicate that there was no difference in amino acid concentrations 

between the early and late August sampling dates, so I analyzed the late August samples 

of the three willow plots.

Soil extraction and methods

Numerous precautions were taken to ensure minimal alterations of amino acids 

before soil samples were chemically extracted. After field coring, I transported soil cores 

in an ice-filled cooler to a temporary field laboratory, where all samples were extracted 

and extracts were frozen within four hours of collection. In addition, to minimize 

potential amino acid contamination, all field and laboratory equipment, glassware and 

polyethylene plasticware were washed in soap and water, acid-washed (10% HC1), and 

thoroughly rinsed in nanopure water before use. All glass fiber filters, foil, and glassware 

were heated in a muffle furnace for eight hours at 450°C. Personnel wore PVC gloves at 

all times to minimize contamination during processing.

I separated each soil core into organic and mineral horizons, with BOHs greater 

than 0.5 cm thick pooled with the forest floor (Oe/Oa) organic horizon, and successive 

mineral horizons combined. BOHs that were less than 0.5 cm thick were combined with the 

mineral soil. I removed all woody debris and roots >1 mm in diameter, and homogenized
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the soils by mixing them inside a sterile polyethylene bag to minimize contamination and 

exposure to air. I extracted amino acids from the soil by gently shaking 10 g field-moist 

soil in 75 ml nanopure water for 10 min in a polyethylene cup. Soil extracts were vacuum- 

filtered through a Whatman GF/A glass fiber filter, and an aliquot of supernatant was 

filtered by syringe through a Whatman 0.2 pm GD/X polyvinylidene fluoride (PVDF) 

membrane filter into sterile 2.0 ml cryovials. I chose the PVDF membrane filter because it 

was hydrophilic and did not bind proteins. In addition, the 0.2 pm pore size eliminated the 

majority of common microbes that could alter the amino acid pool by utilization or lysis. 

Immediately after filtration, I froze the soil extracts and stored the extracts in a freezer until 

analysis. Three procedural blanks of nanopure water were extracted for each replicate plot.

I used water as an extractant, instead of a salt solution, to obtain an approximation 

of the amino acid pool naturally available for biological uptake (Kielland, 1995). The free 

amino acids are those already in soil solution or loosely bound to soil organic and 

particulate matter (Abuarghub and Read, 1988a). Acid hydrolysis, another common 

extraction technique, converts amidic amino acids to their acidic counterparts, whereas 

water extractions allowed me to quantify the acidic amino acids aspartic acid and glutamic 

acid, as well as their amides asparagine and glutamine. I was interested in all four of these 

amino acids, because they are the predominant nitrogenous compounds in plant xylem and 

phloem (Rochat, 2001).

I determined soil moisture content by oven drying a subsample of each soil (60°C 

for organic soils and 105°C for mineral soils) until constant mass (48 hours). Soil bulk 

density was calculated by dividing soil dry mass by volume for organic and mineral soils. I 

measured soil pH of air-dried soil samples from September on a Denver Instrument 

Company Model 220 pH/conductivity meter, using soil to water ratios of 1:5 for organic 

soils and 1:2 for mineral soils (Hendershot et al., 1993). Oven-dried September soils were 

ground with mortar and pestle and total soil carbon (C) and N concentrations were 

analyzed on a LECO CNS-2000 (LECO Corporation, St. Joseph, MI, USA).



18

Plant litter amino acids

To estimate the amino acid composition of aboveground vegetation inputs to the 

soil, I hand-collected the dominant overstory shrub and tree litter on the ground in a 

single plot of each successional stage in late September 2003, just after leaf senescence. I 

also collected a mixture of the dominant mosses Hylocomium splendens and Sphagnum 

spp. from one of the black spruce plots. Fresh litter and moss samples were ground to a 

powder in liquid N2, and 5 g was extracted with 50 mL ethanol (Di Martino et al., 2003; 

Chapin et al., 1986) using the same extraction and filtering method previously described. 

Litter and moss moisture content was determined by oven drying subsamples for 48 

hours at 60°C.

Chemical analysis by HPLC

Concentrations of individual amino acids were determined by high performance 

liquid chromatography (HPLC) with a pre-column o-pthalaldehyde (OPA)/2- 

mercaptoethanol derivatization modified from Jarret et al. (1986). I created an automated 

OPA derivatization and injection protocol for a Gilson HPLC system (Gilson Inc., 

Middleton, WI, USA) equipped with an autoinjector and thermostatic rack (cooled to 4°C 

to minimize amino acid degradation) using Gilson Unipoint system software (Version 

1.65). The automated protocol ensured sample reproducibility, consistency of OPA 

derivatization reaction times, and enabled 24-hour HPLC operation for over one thousand 

samples. Good peak separation was obtained using an Adsorbosphere OPA-HS 5 p  

column (100 x 4.6 mm) with accompanying 7.5 x 4.6 mm guard column (Alltech 

Associates, Inc., Deerfield, IL, USA). A FD-100 filter fluorescence detector (Groton 

Technology Inc./SpectroVision, Acton, MA, USA) with a 326 nm excitation filter and 

470 nm emission filter and pulsed xenon lamp was used to detect amino acid 

fluorescence after column separation. Fluorescence (mVolts) was recorded using the 

Gilson Unipoint software on a personal computer. Further details of the HPLC procedure 

are described in Appendix 2.1.
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I was able to identify 18 of the 20 primary L-amino acids via HPLC analysis. 

Proline does not react to the OPA derivatization method (Roth, 1971) due to the stiff 

structure of its secondary carbonyl ring, and cysteine yields a very low fluorescence 

(Roth, 1971; Jarret et al., 1986) so was not detectable. All amino acid peaks eluted within 

35 minutes. Typical chromatograms showing peak elution order and retention times for 

an amino acid standard and a soil extract are shown in Figure 2.2. The merged peaks of 

glutamic acid/asparagine and histidine/glutamine were separated, and all 18 individual 

amino acid peak areas were integrated using PeakFit software (Version 4.11, SYSTAT 

Software Inc., Point Richmond, CA, USA), with manual baseline subtraction, Savitsky- 

Golay smoothing, and an Exponentially Modified Gaussian peak fitting model (SYSTAT 

Software Inc., 2002). Amino acid concentrations were calculated from peak areas using a 

calibration curve of known amino acid standards (A9656 food hydrolysate amino acid 

standard, with addition of L-glutamine and L-asparagine standards, Sigma-Aldrich, St. 

Louis, MO, USA) run on the HPLC the same day. Any amino acid peaks detected in the 

procedural blanks were subtracted from the samples.

Calculations

I converted all amino acid concentration units to ng N g '1 dry soil to accurately 

reflect the importance of the N content within each amino acid molecule. Total free 

amino acid (TFAA) concentration was calculated from the sum of all 18 amino acids.

The composition o f the amino acid pool is expressed as a proportion of the total, by 

dividing each individual amino acid concentration by the TFAA concentration. 

Proportions thereby standardized a wide range of concentrations and allowed for 

effective comparisons of amino acid composition among the different successional stages 

and between organic and mineral horizons.

In this study, I present results of soil properties and amino acid contents in two 

ways: organic and mineral horizons combined (i.e., the complete 0-20 cm depth soil 

core), and organic and mineral horizons separate. Combining the organic and mineral 

horizons allowed for effective comparisons across the successional sequence, where
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organic horizons made a progressively greater fraction of the total core volume over 

succession, ranging from 0% for willow to 79% for black spruce. To calculate the soil 

amino acid concentration of the combined organic and mineral horizons, I multiplied the 

individual horizon concentration by the horizon percent mass fraction of the entire 20 cm 

soil, then added the two horizon components together. The final concentration unit is ng 

N g '1 dry soil, where the g’1 dry soil represents 1 g of the entire 20 cm core.

I also calculated soil amino acid concentration on an area basis, by multiplying 

the concentration (ng N g '1 dry soil) by the soil bulk density and depth o f soil core. The 

area unit is useful because bulk density of the 0-20 cm soil depth declines substantially 

across the successional sequence.

Statistical Analysis

Successional, horizon, and seasonal differences in amino acid composition and 

concentration were tested with the UNIVARIATE, CORR, and MIXED procedures of 

SAS version 8.2 (SAS Institute Inc., Cary, NC, USA). I transformed nearly all o f the soil 

amino acid data using one of the power transformations (square root, log, or arcsine 

square root) to meet the assumptions of normality and homoscedasticity (Zar, 1999). 

Kenward-Roger degrees of freedom approximation was used when data sets contained 

missing values, and the autoregressive covariance structure was used for repeated 

measures analyses (Littel et al., 2002). Tukey and Tukey-Kramer (for unbalanced data 

sets) adjustments to significance tests were employed when the number of planned 

contrasts exceeded the degrees of freedom minus one (Sokal and Rohlf, 1995). 

Comparisons were deemed statistically significant when p values were < 0.05. The eight 

soil cores collected from each plot were used in all statistical analyses, however, the three 

replicated plots of each successional stage represent the true experimental units. 

Accordingly, plot was treated as a nested and random factor in each analysis. In addition, 

plot was the repeated subject in the repeated measures designs. The number of stand level 

replicates was three when each month or each successional stage was analyzed 

separately, and nine when all months were combined over the growing season. I
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examined differences across the successional sequence using a nested, repeated measures, 

mixed analysis, with all months combined. I tested differences in amino acid composition 

and concentration between organic and mineral horizons using a repeated measures 

mixed analysis, with each successional stage analyzed separately and all months 

combined. I examined differences among the months over the growing season using a 

nested, repeated measures, mixed analysis, with each successional stage analyzed 

separately. Relationships between soil parameters and amino acid concentration were 

tested with Spearman correlations. Absolute values of correlation coefficients > 0.7000 

with p values <0.0001 were deemed as strongly correlated (Hatcher and Stepanski, 1994). 

Tables of F and p values and Spearman correlation coefficients are presented in 

Appendices 2.2-2.10. Values presented in Tables and Figures are the means ±1 standard 

error (SE) of the untransformed data.

R e s u l t s

Successional patterns

Soil properties

The five successional stages showed marked differences in soil properties (Table 

2.3). Gravimetric moisture content was lowest in balsam poplar (21%) and highest in 

black spruce (55%). Bulk density generally decreased across the successional sequence, 

ranging from 0.85 g cm' in alder to 0.20 g cm' in black spruce. Soil pH likewise 

decreased across the successional sequence from 8.0 in willow to 5.3 in black spruce.

Soil C and N concentrations increased across the successional sequence, ranging from 

1.2% C (willow) to 21.3% C (black spruce) and 0.06% N (willow) to 0.73% N (black 

spruce). Consequently, the C:N ratios of soils from the coniferous stages of white and 

black spruce (26.8-29.7) were higher than the C:N ratio of the soils from the first three 

deciduous stages (18.3-21.4). Soil C pools increased progressively over the full 

successional sequence; whereas soil N pools were lowest in willow, peaked in balsam 

poplar, and remained essentially unchanged from balsam poplar to black spruce.
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Amino acid composition

Soil amino acid composition was diverse, with eighteen of the twenty primary 

amino acids detected in most plots (Table 2.4). Despite the diversity of amino acids 

found, the composition of the amino acid pool was remarkably similar with six amino 

acids dominant in all successional stages: alanine, asparagine, aspartic acid, glutamic 

acid, glutamine, and histidine. These six amino acids accounted for 71-86% of the TFAA 

concentration. Across the successional sequence, proportions of the six dominant amino 

acids ranged from 17-24% for glutamic acid, 11-26% for glutamine, 9-15% for alanine, 

9-14% for aspartic acid, 7-13% for asparagine, and 3-11% for histidine. In all 

successional stages, there were low proportions (0-3%) of isoleucine, leucine, lysine, 

methionine, phenylalanine, tryptophan, and tyrosine.

The six amino acids prevalent across all successional stages (alanine, asparagine, 

aspartic acid, glutamic acid, glutamine and histidine) represent a variety of molecular 

sizes, C:N ratios, charges, and solubilities (Table 2.5). One common property is that five 

o f the six dominant amino acids are polar, with alanine as the non-polar exception. Polar 

amino acids averaged of 77% of the total amino acid pool for all successional stages. 

Non-polar amino acids and molecular structures containing aromatic rings 

(phenylalanine, tryptophan, and tyrosine) comprised a low proportion of the amino acid 

pool.

Despite the similar overall composition of the amino acid pool across the 

successional sequence, there were several notable differences (Figure 2.3a). Proportions 

o f glutamine were significantly higher in the willow and black spruce stages than in the 

balsam poplar and white spruce stages. Histidine increased in proportion across the 

successional sequence, and the deciduous (willow, alder, and balsam poplar) stages had 

significantly lower histidine proportions than the coniferous (white and black spruce) 

successional stages (p < 0.001). Finally, alder had lower proportions of alanine and 

aspartic acid than the other successional stages, but alder had a higher proportion (7%) of 

arginine (Table 2.4).
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Amino acid concentration

Whereas the overall composition of the amino acid pool was relatively similar 

among successional stages, concentrations of soil amino acids were extremely different 

across the successional sequence (Figure 2.3b; Table 2.6). Amino acid concentrations 

generally increased by an order of magnitude across the successional sequence, and 

TFAA concentration ranged from 438 ng N g '1 dry soil for willow to 4867 ng N g '1 dry 

soil for black spruce. There were highly significant differences (p < 0.001) among the 

successional stages for each of the six dominant amino acids and TFAA concentrations. 

Moreover, the deciduous stages had significantly lower (p < 0.001) amino acid 

concentrations than the coniferous successional stages. Each of the six dominant amino 

acids and TFAA concentrations was negatively correlated with soil pH and bulk density, 

but positively correlated with soil C and N concentrations (p < 0.001 for all), which 

shows the influence o f increasing organic matter across succession.

Patterns of soil amino acid concentration across the successional sequence 

changed dramatically when calculated on a soil area basis (Figure 2.3c; Table 2.7). The 

high amino acid concentrations in black spruce were diminished by the lower bulk 

density in black spruce soils. Nevertheless, black spruce still had the highest glutamine, 

glutamic acid, histidine, and TFAA concentrations on an area basis across the

successional sequence. TFAA concentration increased across succession, ranging from
2 • 2 70 mg N m' for willow to 104 mg N m' for black spruce, and TFAA concentration was

1.5 times greater in black spruce than in willow. Glutamine concentrations were

significantly greater in black spruce than in alder, balsam poplar, and white spruce.

Glutamic acid concentrations were significantly lower in the shrub successional stages

than in the tree stages (p < 0.001). Histidine concentrations increased across succession

when calculated on a soil area basis, similar to the pattern of increasing histidine

concentration across succession that was calculated on a soil mass basis (Figure 2.3a).
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Organic versus mineral horizons

Soil properties

The organic and mineral horizons of each successional stage showed considerable 

differences in soil properties (Table 2.8). The proportion of organic soil comprising the 

total volume of the 20 cm soil core increased across the successional sequence from 0% 

in willow, 18% in alder, 41% in balsam poplar, 60% in white spruce, and 79% in black 

spruce. Organic soils also comprised an increasing proportion of the total mass of the 20 

cm soil core across the successional sequence, ranging from 0% for willow to 53% in 

black spruce. Moisture content was greater in organic horizons than in mineral horizons 

for each successional stage. Organic horizons had lower bulk density and lower pH 

values than mineral horizons. Concentrations of C and N were greater in organic horizons 

than in mineral horizons. With the exception of alder, C:N ratios and C pools were 

greater in organic horizons than in mineral horizons. In addition, N pools were greater in 

organic horizons than in mineral horizons for all successional stages.

Amino acid composition

In both organic and mineral horizons of the last four successional stages (the 

willow stage was excluded because it had no organic horizons), the composition of the 

amino acid pool was dominated by same six amino acids (alanine, asparagine, aspartic 

acid, glutamic acid, glutamine, and histidine); however, there were several differences in 

amino acid composition between the organic and mineral horizons of each successional 

stage (Figure 2.4; Table 2.9). Proportions of alanine were higher in organic horizons than 

in mineral horizons for all successional stages, although only those in balsam poplar and 

white spruce were statistically significant. Asparagine proportions were higher in the 

mineral horizons of the tree stages (balsam poplar, white spruce, and black spruce), but 

were similar between the organic and mineral horizons of the shrub stage (alder). 

Proportions of aspartic and glutamic acid were significantly higher in the organic 

horizons of the deciduous stages of alder and balsam poplar, but aspartic and glutamic 

acid proportions were similar between the organic and mineral horizons of the coniferous
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stages of white and black spruce. Proportions o f glutamine were higher in the mineral 

horizons of alder, balsam poplar, and white spruce; however, in black spruce, the 

opposite was true, where proportions of glutamine were significantly higher in organic 

horizons than in mineral horizons. It is interesting to note that the mineral horizons of 

black spruce had high proportions of glutamine (15-20%), similar to the mineral horizons 

of the earlier successional stages; however, in the organic horizons, the proportion of 

glutamine was nearly three times higher in black spruce than in the earlier successional 

stages. There were no differences in proportions o f histidine between the organic and 

mineral horizons of any successional stage.

Amino acid concentration

Amino acid concentrations were approximately an order of magnitude greater in 

organic horizons than in mineral horizons for all successional stages (Figures 2.5 and 2.6; 

Table 2.10). Statistical analyses of the six dominant amino acid and TFAA concentrations 

showed significant differences between organic and mineral horizons (p < 0.05) for all 

successional stages, except asparagine in balsam poplar (p = 0.0612).

Plant litter

Amino acid composition

Comparisons of the amino acid composition between the soil and the dominant 

overstory plant litter of each successional stage showed both similarities and differences 

(Figure 2.7; Table 2.11). In soils from the September sampling, the six dominant amino 

acids comprised 73-87% of the TFAA concentration across the successional sequence, 

whereas corresponding values in plant litter were 36% in willow leaves, 63% in alder 

leaves, 32% in balsam poplar leaves, 62% in white spruce needles, 72% in black spruce 

needles, and 71% in moss in black spruce. Across succession, there were no consistently 

strong relationships between plant litter and soil amino acid composition (Figure 2.7). 

Needles and moss from the coniferous successional stages (white and black spruce) had 

the strongest relationship to the composition of their respective soil amino acid pools,
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with r2 = 0.30 for white spruce needles, r2 = 0.69 for black spruce needles, and r2 = 0.35 

for moss in black spruce. There were high proportions of alanine, glutamine, and 

histidine in soil and plant litter from all successional stages. However, there were lower 

proportions of asparagine, aspartic acid, and glutamic acid in plant litter from the first 

four successional stages than in the soil. The amino acid pool was generally more diverse 

in plant litter than in the soil. Additional amino acids common in plant litter included 

leucine and valine (willow, alder, balsam poplar, and white spruce), tryptophan (willow, 

balsam poplar, white spruce, and moss in black spruce), isoleucine (willow and balsam 

poplar), and lysine (black spruce needles).

Amino acid concentration

In each successional stage, concentrations o f amino acids in plant litter were 

dramatically different than in the soil (Table 2.12). Although it is difficult to compare 

concentrations from different substrates (plant and soil), I can compare the patterns of 

amino acid concentration across the successional sequence for both plants and soils. 

Across the successional sequence, soil amino acid concentrations increased by an order 

of magnitude, whereas leaf and needle amino acid concentrations decreased 7-fold.

TFAA concentration in the dominant overstory leaves and needles was highest in willow 

and lowest in black spruce. However, moss from the black spruce plot had the highest 

TFAA concentration o f any plant tissue or soil.

Seasonal dynamics

Soil properties

There were no strong seasonal patterns in soil moisture for any successional stage 

(data not shown). Moisture content decreased slightly across the growing season. Soil 

moisture values in August were not abnormally high, despite the heavy rains and flooding 

events.
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Amino acid composition

Composition of the soil amino acid pool was fairly constant across the growing 

season for each successional stage (Figure 2.8; Table 2.13). The only trend was that 

proportions of glutamine were highest in September for all successional stages. Pairwise 

comparisons showed that glutamine proportions were significantly higher (p < 0.05) in 

September than in August for the alder, balsam poplar, and white spruce stages.

Amino acid concentration

Concentrations of soil amino acids showed few clear and consistent patterns 

during the growing season (Figure 2.9; Table 2.14). Glutamic acid concentrations tended 

to be highest in June for the four earliest successional stages, but the differences were not 

statistically significant. The greatest number of seasonal patterns in amino acid 

concentrations were in the balsam poplar stage, where 12 of the 18 amino acids 

(including the six dominant) had the highest concentrations in June, although this pattern 

was not always statistically significant. TFAA concentrations showed no clear seasonal 

patterns in any successional stage (Figure 2.10a; Table 2.14), but, when expressed on an 

area basis, TFAA concentration was highest (although not always significantly so) in 

June for every successional stage except willow (Figure 2.10b; Table 2.15).

D is c u s s io n

Soil amino acid composition across succession

The interesting finding of this study is not the differences, but the similarities of 

soil amino acid composition across the successional sequence. Despite major differences 

in terrace age, vegetation inputs, productivity, and soil properties, the composition of the 

amino acid pool was remarkably similar in each of the five successional stages. In all 

successional stages, the amino acids alanine, asparagine, aspartic acid, glutamic acid, 

glutamine and histidine accounted for roughly 80% of the amino acid pool (Table 2.4).
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The similar amino acid composition across the successional sequence suggests a similar 

amino acid origin or that amino acids originate through similar biochemical processes.

Elucidating the potential origin of amino acids in the soil is complicated due to 

the intertwined nature and speed of rhizosphere dynamics. It is difficult to differentiate 

the microbial, mycorrhizal, plant, and soil processes and interactions. My analysis of the 

overstory plant litter in these successional stages showed that both soil and fresh leaf 

litter had high proportions of alanine, glutamine and histidine (Figure 2.7; Table 2.11), 

possibly indicating that these three amino acids originate from vascular plant detritus. 

Other amino acids commonly found in plant tissue of the Alaskan arctic tundra include 

alanine, arginine, asparagine, glutamine, and glutamic acid (Chapin et al., 1986), and in 

boreal forest shrub, herb, and grass leaves, the amino acid pool is dominated by 

asparagine, glutamine, and arginine (Ohlson et al., 1995). Moss tissue from the black 

spruce stand also had high amino acid concentrations and a similar amino acid 

composition to the soil (Figure 2.7; Table 2.11), suggesting that understory and non- 

vascular species could also influence nutrient inputs into this ecosystem and the resultant 

soil amino acid pool.

In addition to the amino acids found in plant litter, asparagine and glutamine are 

common constituents of plant xylem and phloem (Pate, 1973; Kielland, 1994; Rochat,

2001), and asparagine, glutamine, and arginine are common storage amino acids in above 

and belowground plant tissue (Chapin et a l, 1986; Nasholm et al., 1994; Ohlson et al., 

1995; Nordin and Nasholm, 1997). These three amino acids have low C:N ratios, 

containing 2, 2, and 4 N atoms per amino acid molecule for asparagine, glutamine and 

arginine respectively (Table 2.5), making them efficient molecules for N transport and 

storage. In addition, glutamine does not require additional energy to be metabolized, as it 

is directly involved in the glutamine synthetase-glutamate synthase pathway for 

assimilation o f ammonium in plants (Lea and Miflin, 1980). If glutamine, asparagine, and 

arginine are prevalent in the xylem, phloem and storage tissues of plants, they may enter 

the soil through root exudates, root lysis and fine root turnover.
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Microorganisms are also a likely source of amino acids and include both soil 

bacteria and fungi. Microorganism cell walls often contain alanine, aspartic acid, and 

glutamic acid (Yu et al., 2002; Friedel and Scheller, 2002). Although there is little 

information describing microbial composition and function in the soils o f the Tanana 

River successional sequence, fungi are more dominant than bacteria in boreal forest soils 

(Flanagan and Van Cleve, 1983), and ericoid and ecto-mycorrhizal associations 

commonly occur in boreal regions (Ruess et al., 2006), so likely play a large role in 

nutrient cycling. Mycorrhizal fungi release the N and phosphorus contained in complex 

N-containing macromolecules by producing enzymes that break apart the structural (e.g., 

pectin, cellulose, hemicellulose, cellobiose, polyphenols, and potentially lignin) and 

nutritional (e.g., chitin, protein, nuclei) polymers of plants and soil microflora and fauna 

(Read and Perez-Moreno, 2003). Mycorrhizae also facilitate the uptake and transport of 

amino acids and N to plants (Jones, 1999; Read and Perez-Moreno, 2003), as well as 

being important sources of amino acids through mycelium death and lysis (Read and 

Perez-Moreno, 2003).

The dominant amino acids in these soils likely originate from a variety of sources: 

overstory and understory plant litter, root exudates, and microorganisms, both free living 

and symbiotic. All of these potential amino acid sources are key components in 

ecosystems across the world. In addition, the production and utilization of amino acids 

within plant or microbial cells, as well as the ecosystem processes linking them, likely 

share the same biochemistry and amino acid constituents regardless of vegetation type, 

soil environment, location, or climate.

Review of other studies demonstrates that there are common soil amino acids 

across a variety of natural and managed ecosystems from different climates, further 

supporting the view that soil amino acids originate from similar ecosystem components 

or through similar biochemical processes (Table 2.16). Alanine and glutamic acid were 

two common important amino acids across a variety of ecosystems. Notably missing 

from my results were large proportions of the amino acids arginine, glycine, and serine 

that were found in nearly every other study, including those in the boreal forest in
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Sweden (Nordin et al., 2001) and the Alaskan tundra (Kielland, 1995). I did find a large 

proportion (7%) of arginine in the alder successional stage (Table 2.4), which makes 

sense considering Alnus species transport amino acids from their N-fixing root nodules in 

the form of citrulline (Pate, 1973; Gaudillere, 2001), a precursor to arginine. In addition, 

arginine is an efficient N storage compound (Chapin et al., 1986; Nordin and Nasholm,

1997), so arginine may store the N that rapidly accumulates during the alder stage of 

succession on the Tanana River floodplain (Van Cleve et al., 1993a; Uliassi and Ruess,

2002). It is possible that the lower proportions of arginine, glycine, and serine in my 

study were simply a dilution effect of having more amino acids comprising the total 

amino acid pool (detecting a total of 18 versus 15 amino acids). Only a few studies report 

data for asparagine, glutamine, and histidine, but these amino acids were found to be 

important components of the amino acid pool (Ivarson and Sowden, 1969; Abuarghub 

and Read, 1988b; Nordin et al., 2001, Yu et al., 2002; this study). The amides asparagine 

and glutamine combined made up 27% of the soil amino acid pool in both the boreal 

forest in Sweden (Nordin et al., 2001) and the Alaskan boreal forest of this study. Only 

three other studies found similarly large proportions of aspartic acid (Ivarson and 

Sowden, 1969; Read and Bajwa, 1985; Kielland, 1995). Several amino acids were found 

in low proportions across all studies: isoleucine, methionine, phenylalanine, tryptophan, 

and tyrosine. The similar amino acid composition across a variety of different soils is 

consistent with reviews by Abuarghub and Read (1988b) and Schulten and Schnitzer 

(1998).

There are only a handful of studies describing the amino acid composition in soil, 

but the majority of laboratory and field amino acid uptake studies focus solely on glycine. 

Results of this study indicate that glycine accounted for only 3% of the TFAA pool 

(Table 2.4). Glycine is the smallest and simplest amino acid, with the lowest molecular 

weight, and it has no ring structures or double bonds. As a result, radioactive, stable 

isotope, or duel-labeled glycine is generally the least expensive amino acid to purchase, 

which makes it very appealing to researchers. Although glycine studies merit interest and 

have elucidated important mechanisms of plant and microbial uptake of amino acids,
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such observations may have little ecological significance if  glycine is not naturally 

present in the soil, and present in sufficient quantities to substantially contribute to the N 

requirements of plants. I strongly urge future amino acid researchers to expand our 

knowledge by focusing on a variety of amino acids besides glycine. Ideally, future 

studies examining amino acid uptake should include several amino acids that have 

different charges, polarities, molecular weights, and C:N ratios, and that, most 

importantly, reflect the most prevalent amino acids found in the soil.

Soil amino acid concentration across succession

Amino acid concentrations generally increased across the successional sequence 

(Figures 2.3b and 2.3c), which may be explained by the accumulation of soil organic 

matter (Tables 2.1, 2.3, and 2.8; Viereck et al., 1993a), which is a source of amino acids. 

In addition, boreal forest soils that are high in organic matter also have a high fungal 

biomass (Flanagan and Van Cleve, 1983) which is another source of amino acids. 

Kielland et al. (in review) found that soil pro tease activity increased across succession 

and suggested that the high concentrations of soil amino acids in the later successional 

stages were sustained through high proteolytic activity. I speculate that across succession, 

there is a greater quantity of substrate that contains amino acids, and a potentially larger 

and more active microbial community that is releasing amino acids from organic matter 

breakdown through exoenzyme activity, through waste products, and through lysis.

As organic matter accumulates across succession, there is an associated increase 

in cation exchange capacity (Van Cleve et al., 1993a), so more amino acids may be 

adsorbed onto the soil exchange sites of the later successional stages. I also observed a 

continuous drop in soil pH across succession (Table 2.3), so in the later successional 

stages the basic amino acid histidine has a strong positive charge (Table 2.5; Lehninger et 

al., 1993). The increase in proportion and concentration of histidine across the 

successional sequence (Figure 2.3) may result from its positive charge being more 

strongly adsorbed onto the soil exchange sites. However, proportions and concentrations 

of the other basic amino acids, arginine and lysine, did not consistently increase across
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succession, so the explanation remains unclear. Abuarghub and Read (1988b) also found 

a high concentration of histidine in the acidic Calluna heathland soils in England, but 

likewise observed low concentrations of arginine and lysine.

Another explanation for the increased concentration of soil amino acids across 

succession is that the later successional stages have greater belowground allocation in the 

form of fine roots (Ruess et al., 2006). In the boreal forest, belowground inputs from root 

turnover are greater and decompose faster than the aboveground litter inputs (Ruess et al., 

1996). The large spike in proportion and concentration of glutamine in the black spruce 

successional stage (Figure 2.3) may result from greater quantities of root exudation or 

lysis from this active root biomass. The pattern of glutamine proportion and glutamine 

concentration per unit area across succession (Figures 2.3a and 2.3c) mirrors the pattern 

of belowground fine root production across succession that Ruess et al. (2006) measured 

using minirhizotrons. I found high proportions and concentrations of glutamine in the 

willow and black spruce stages where Ruess et al. (2006) found the greatest allocation of 

belowground production, whereas I found a low proportion and concentration of 

glutamine in the balsam poplar stage that had the lowest belowground allocation. It is 

interesting to note that this pattern is the inverse of the aboveground annual production 

across succession (Table 2.1; Van Cleve et al., 1991), where the highest proportions and 

concentrations o f glutamine were in stages with the lowest aboveground production 

(willow and black spruce). Nordin et al. (2001) found a similar trend in the boreal forest 

in Sweden where the total extractable soil N pool of a low (aboveground) productivity 

site contained a large proportion of amino acids (70%), whereas the soil N pool in a high 

productivity site was dominated by ammonium and nitrate, and only 19% of the total 

extractable soil N pool was in the form of amino acids.

Soil amino acid concentration in organic and mineral horizons

A possible explanation for the much higher amino acid concentrations in organic 

horizons than in mineral horizons (Figure 2.5) is that organic horizons have more organic 

matter (Table 2.8) and a larger and more active microbial community than the mineral
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horizons. In addition, organic horizons have higher soil moisture content than mineral 

horizons (Table 2.8), which may lead to a better environment for microbial populations 

and improved access to organic matter substrate, leading to greater organic matter 

decomposition and increased amino acid production. Walker (1989) also speculated that 

increasing organic matter across succession was responsible for the significant 

correlations between moisture content and extractable ammonium and Kjeldahl N 

concentrations that he saw in the early stages of succession on the Tanana River 

floodplain.

TFAA concentration compared to other studies

The mean and range of TFAA concentrations of this study were generally similar 

or slightly less than the reported values of previous studies from a variety of ecosystems 

and climates (Table 2.16). It is difficult to compare amino acid concentration from one 

study to the next due to differences in soil sampling depth, organic matter content, and 

extraction methods. I sampled soil at a greater depth (20 cm) than other investigations, so 

the high concentrations seen at the surface and shallow depths are diluted by the deeper, 

largely mineral soils of lower amino acid concentration (Chapter 3). In addition, the mean 

TFAA concentration of 1752 ng N g '1 dry soil includes values from the entire 

successional sequence from willow to black spruce, ranging 386-5236 ng N g '1 dry soil. 

Also, the soils of the Tanana River floodplain are relatively pristine and do not receive 

large inputs of N from atmospheric deposition, agricultural amendments, or livestock. For 

example, the extremely high TFAA concentration in the unimproved grassland soils of 

England may be inflated from sheep urine (Nettleton, 2000). TFAA concentrations of the 

two studies that examined soil pore water (Yu et al., 2002; Jones et al., 2005a) were 

considerably less than the TFAA concentrations found in water extracts of soil. Soil 

extracts are advantageous because they quantify the amino acids available in a larger area 

o f soil pore water, as well as the amino acids that are loosely bound onto the soil 

exchange sites, both of which are available for uptake by plants or microorganisms (Jones 

et al., 2005b). Although bulk soil extracts examine a larger area of the heterogeneous soil
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and may include the underestimated “N hot spots” of localized microbial activity, leaf 

litter, dead microorganisms, or animal corpses (Hodge, 2004), concentrations of amino 

acids in soil extracts may also be inflated due to the physical disruption of fungal 

mycelium and root severing (Kielland, 1995; Jones et al., 2005b), which is inevitable 

during soil collection and processing.

Equating TFAA concentrations from HPLC analyses and other TFAA methods 

such as the ninhydrin colorimetric analysis is somewhat misleading, as HPLC analyses 

may underestimate the actual TFAA concentration in the soils. The TFAA concentration 

from HPLC analyses is calculated by summing the concentrations of the identified amino 

acid peaks from the chromatograms and does not include proline and cysteine (not 

detectable with the OPA derivatization method), as well as any unidentified (Figure 2.2) 

or secondary amino acids such as ornithine, taurine, a- and y-aminobutyric acid, P- 

alanine, and (3-aminogluteric acid (S. Henrichs, personal communication). In addition, 

amino acids are not expressed in the same concentration units across all investigations, 

making comparisons difficult. Nevertheless, the mean seasonal soil TFAA concentrations 

across the boreal forest successional sequence of this study ranged from 20-350 nmol 

amino acid g '1 dry soil, 0.4-5.4 ng amino acid N g '1 dry soil, or 40-300 (xM. These values 

are similar or slightly higher than soil TFAA concentrations in the boreal forest in 

Norway (5-455 nmol amino acid g’1 dry soil; Persson and Nasholm, 2001), the alpine dry 

meadows of Colorado (0.3-3.0 jug amino acid N g '1 dry soil; Lipson et al., 1999b), and in 

the mixed conifer and pygmy forests in northern California (1.6-29.9 |aM; Yu et al., 

2002).

Seasonal dynamics of soil amino acids

In contrast to my original hypothesis and despite major seasonal changes in plant 

productivity, litterfall, microbial freeze-thaw flushes, and soil temperatures, the 

composition and concentration of the soil amino acid pool was relatively constant over 

the growing season for each successional stage. Although my results are similar to other 

studies that also found no strong seasonal amino acid patterns (Nordin et al., 2001; Jones
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et al., 2005a), my results are in contrast to the majority of soil amino acid studies that 

detected seasonal fluctuations in amino acid concentrations (Abuarghub and Read,

1988b; Kielland, 1995; Lipson and Monson, 1998; Weintraub and Schimel, 2005). One 

possible reason why I did not detect any significant seasonal trends is because I did not 

sample enough times over the growing season, as soil amino acid pools can spike and 

crash in less than a week’s time period (Weintraub and Schimel, 2005).

Amino acid preference

The patterns of amino acid composition and concentration found in these boreal 

forest floodplain soils are a function of their production, uptake, transformation, and loss 

from the ecosystem, none of which is completely understood. Recent studies on the 

Tanana River floodplain concluded that both microbes and boreal forest plants absorb 

amino acids as a N source (McFarland et al., 2002) and that the turnover of the amino 

acid pool is extremely rapid, taking place within 3-6 hours (Kielland et al., in review). 

Consequently, it is unclear whether the high concentrations of particular amino acids in 

the soil are due to high production rates, or because they are recalcitrant and not usable 

for biological uptake by plants and microbes. Conversely, I do not know if the low 

concentrations of certain amino acids are indicative of low production, or because they 

are quickly removed from the soil through absorption by plants and microbes.

There is strong competition between plants and microorganisms for soil amino 

acids since amino acids are excellent C and N sources (Schimel and Chapin, 1996; Kaye 

and Hart, 1997; Jones et al., 2005b). These researchers have suggested certain 

competitive advantages and active mechanisms that enable plants or microorganisms to 

more efficiently take up amino acid N, however, there is conflicting evidence whether 

plants (with or without mycorrhizal associations) or microbes have a preference for a 

particular amino acid or class of amino acids (i.e., acidic versus basic). Previous studies 

have shown that the capacity of plants and microbes to absorb amino acids varies with 

amino acid molecular size (Kielland, 1994), amino acid C content (Lipson et al., 1999a), 

solution pH, and previous exposure to C and N compounds (Persson and Nasholm, 2003),
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among different plant species and functional types (Chapin et al., 1993; Kielland, 1994, 

1997; Weigelt et al., 2005), as well as being correlated with the concentration of the 

amino acid pool (Kielland, 1994; Jones et al. 2005a). However, other studies have found 

that amino acid uptake is not correlated to amino acid polarity or charge, mycorrhizal 

associations, or native soil amino acid concentration (Persson and Nasholm, 2001). In 

addition to the conflicting evidence of amino acid preference, many of the these uptake 

studies have only compared glycine with a few simple amino acids (e.g., aspartic or 

glutamic acid), and most studies have involved excised roots in hydroponic solution or 

potted plants in monoculture (see references in Weigelt et al., 2005), leading to 

speculation of the true ecological importance of the observed preferential amino acid 

uptake in natural conditions. Clearly, the question of preferential amino acid uptake 

remains unanswered.

Previous research has shown that plants are able to absorb intact amino acids and 

do not require bacterial or fungal hydrolysis for deamination of amino acids into 

ammonium before uptake (Chapin et al., 1993; Nasholm et al., 1998; McFarland, 2002). 

In addition, amino acid transporters in plants and microorganisms are numerous, show 

broad substrate specificity, and are capable of transporting individual amino acids with a 

range of charges and polarities (Nasholm and Persson, 2001; Rochat, 2001; Persson and 

Nasholm, 2003; Jones et al., 2005b). My results show that the soil amino acid pool is 

comprised of amino acids with a variety of molecular sizes, C:N ratios, charges, 

polarities, and solubilities. Moreover, the fact that a wide spectrum of amino acids are 

common across the entire successional sequence and over the growing season suggests 

that the soil amino acid pool shows little evidence of strong preferential amino acid 

uptake or consumption by other means. Thus, it seems likely that the composition of the 

soil amino acid pool presented here is reasonable approximation of the amino acids that 

were available to both plants and microorganisms over the period of this study.
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C o n c l u s io n s

In this study, I examined the composition, concentration, and seasonal patterns of 

soil amino acids across the Tanana River successional sequence in interior Alaska. The 

successional sequence encompassed a natural gradient of terrace age, plant productivity, 

soil pH, soil temperature, soil bulk density, soil C and N contents, and a transition from 

shrub to tree dominance and from deciduous to coniferous dominated species. Contrary 

to my original hypothesis, the composition of the soil amino acid pool did not change 

across succession. Irrespective of successional stage, the soil amino acid pool was 

dominated by the same six amino acids: glutamic acid, glutamine, aspartic acid, 

asparagine, alanine, and histidine. However, in support of my original hypothesis, the 

concentration of soil amino acids increased across the successional sequence, where 

amino acid concentrations were an order of magnitude higher in the coniferous- 

dominated late successional stages than in the early deciduous-dominated stages. In 

addition, amino acid concentrations were an order of magnitude higher in organic 

horizons than in mineral horizons. The successional and horizon differences in soil amino 

acid concentrations highlight the importance of organic matter in potentially providing 

larger quantities of substrate for production of amino acids, or a better environment for 

microorganisms to produce exoenzymes. In contrast to my original hypothesis and 

despite major seasonal changes in plant productivity, litterfall, microbial freeze-thaw 

flushes, and soil temperature, the composition and concentration of the soil amino acid 

pool was generally constant over the growing season for each successional stage.

The similar amino acid composition across the successional sequence suggests 

that amino acids originate from a common source or through similar biochemical 

processes, yet elucidating which ecosystem components (e.g., overstory or understory 

plant litter, plant root exudation, microorganisms) or ecosystem processes that regulate a 

particular amino acid needs further investigation. Continued use of radioactive, stable 

isotope, and duel-labeled (13C and 15N) amino acids, as well as amino acid stereoisomers 

may be useful tools to further clarify soil amino acid sources and dynamics. Results of
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this study demonstrate that amino acids are important constituents of the 

biogeochemically diverse soil N pool in the boreal forest of interior Alaska.
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Figure 2.1 Study sites on the Tanana River floodplain in the Bonanza Creek LTER site, 
in interior Alaska. Five successional stages (WI = willow, AL = alder, BP = balsam 
poplar, WS = white spruce, BS = black spruce) and three plot replicates (1, 2, 3) for each 
successional stage are shown.
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Figure 2.2 Sample HPLC chromatograms, a) Soil extract of June white spruce organic 
horizon, b) Amino acid standard (concentrations range 1.4 to 3.7 wM). Amino acid peak 
identification: (1) aspartic acid, (2) glutamic acid, (3) asparagine, (4) serine, (5) histidine, 
(6) glutamine, (7) glycine, (8) threonine, (9) arginine, (10) alanine, (11) tyrosine, (12) 
methionine, (13) valine, (14) tryptophan, (15) phenylalanine, (16) isoleucine, (17) 
leucine, (18) lysine, and (U) unknown solvent or secondary amino acid peak.
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Figure 2.3 Amino acid composition and concentration across the successional sequence 
for the six dominant amino acids, a) Amino acid composition and the sum of the six 
dominant amino acid proportions (SUM), b) Amino acid and total free amino acid 
(TFAA) concentration on a soil mass basis, c) Amino acid and TFAA concentration on a 
soil area basis. Successional stage abbreviations as in Figure 2.1. Scale on right side 
applies to SUM and TFAA. Different lower case letters indicate statistical significance 
among the successional stages for a given amino acid. Values are means (+1 SE), n = 9.



Figure 2.4 Comparison of organic and mineral soil horizon proportions across the successional sequence for the six dominant 
amino acids. Successional stage abbreviations: AL = alder, BP = balsam poplar, WS = white spruce, BS = black spruce. The 
Willow (WI) stage is not shown because it has no organic horizons. Asterisks indicate statistical significance between the 
organic and mineral soil horizons of a successional stage for each amino acid. Values are means (+1 SE), n = 9. VO



Figure 2.5 Comparison of organic and mineral soil horizon concentrations for the six dominant amino acids in each 
successional stage. The Willow stage is not shown because it has no organic horizons. Amino acid abbreviations: Ala = 
alanine, Asn = asparagine, Asp = aspartic acid, Glu = glutamic acid, Gin = glutamine, His = histidine. Asterisks indicate 
statistical significance between the organic and mineral soil horizons for a given amino acid of a successional stage. Values are 
means (+1 SE), n = 9. o
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Figure 2.6 Comparison of organic and mineral soil horizon total free amino acid 
concentrations in each successional stage. The willow stage is not shown because 
it has no organic horizons. Asterisks indicate statistical significance between the organic 
and mineral soil horizons for each successional stage. Values are means (+1 SE), n = 9.



Figure 2.7 Relationship between amino acids in plant litter (leaf, needle, or moss) and soil for each successional stage. Values 
are proportions (%) of the total free amino acid concentration, n = 1 for plants, n = 3 for soils (September sampling). Black 
symbols indicate the six dominant amino acids (alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine). 
Open symbols indicate the remaining 12 amino acids (arginine, glycine, isoleucine, leucine, lysine, methionine, phenylalanine,
s e r in p  fh rp rm in p  t r v n t n n h a n  t v r n c in p  anH to
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Figure 2.8 Six dominant amino acid proportions (as percent of total free amino acid 
concentration) in soils of each successional stage for June, August, and September. The 
seasonal mean is shown by the wide hatched bar behind each group of three colored bars. 
Different lower case letters indicate statistically significant differences among months for 
a given amino acid of the successional stage. Monthly values are means (+1 SE), n = 3. 
Seasonal values are means (SE omitted for simplicity), n = 9.
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Figure 2.9 Concentrations of the six dominant amino acids and total free amino acid 
(TFAA) in soils of each successional stage for June, August, September, and the seasonal 
mean. Scale on right side applies to TFAA concentration. Different lower case letters 
indicate statistical differences among months for a given amino acid of the successional 
stage. Monthly values are means (+1 SE), n = 3. Seasonal values are means (SE omitted 
for simplicity), n = 9.
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Figure 2.10 Total free amino acid (TFAA) concentration in soils of each successional 
stage for June, August, September, and the seasonal mean on a) a soil mass basis, and b) 
a soil area basis. Different lower case letters indicate statistical significance among the 
months for a given successional stage. Monthly values are means (+1 SE), n = 3. 
Seasonal values are means (SE omitted for simplicity), n = 9.



Table 2.1 Characteristics of the five successional stages on the Tanana River floodplain, interior Alaska.

Typical
terrace

Typical
terrace Forest floor Annual Aboveground

Aboveground
annual

Soil
temperature

Maximum 
active layer

Successional age3 height3 th ickness3 litterfall3 biomassb production 15 over growing thaw depthd
stage (yrs.) (m) (cm) (g m 'Y 1) (kg r r f2) (9 m~2) season0 (°C) Permafrost3 (cm)

Willow 2 - 1 0 1 . 8  - 2 . 2 0 8 - 1 0 0 . 2  - 0 . 6 200 - 300 9.7 ± 0 .9 none ND
Alder 10 -40 2.0 -2 .4 5 -1 0 150 - 300 1.0 -6 .4 290 - 350 6.4 ± 0 .3 none ND
Balsam poplar 8 0 -1 5 0 2 . 5 - 2 . 8 8 - 1 2 250 - 650 4.1 -18 .0 264 - 952 3.9 ±0 .3 none ND
White spruce 2 0 0 -3 0 0 3.2 -4 .0 6 - 2 0 50 - 250 1 4 .6 -2 2 .7 331 - 540 4.8 ± 0 .3 interm ittent 192 ± 14
Black spruce 500+ 4 - 5 1 8 -3 0 30 - 1 0 0 1 .6 -1 0 .9 5 7 -1 4 8 3.6 ±0 .2 present 108 ±57

3 Adapted from Viereck et al., 1993a. Terrace heights were measured as height (m) above winter low water level. 
b Van Cleve et al., 1991.
c 5 year mean (June-Sept. 1997-2001) of soil temperature at 10 cm depth, LTER sites FP1A, FP2A, FP3A, FP4A, and FP5A (Bonanza Creek LTER database,

Adams et al., 2002). Values are means ±1 SE, n = 5. 
d 5 year mean (1997-2001) of maximum active layer thaw depths at LTER white spruce sites FP4A, FP4B, and FP4C; and black spruce sites FP5A, FP5C, and FP5D.

(Bonanaza Creek LTER database, Viereck, 2002). Values are means ±1 SE, n = 5.
ND = not determined because the first three successional stages do not have permafrost.

On



Table 2.2 Vegetation measurements of the five successional stages. Values are means ±1 SE, n = 3.

Successional
stage Species name

Dominant overstory shrub or tree species measurements Understory % cover

Density 
(stems ha'1)

Height
(m)

Height 
range (m)

Diameter3
(cm)

Diameter3 
range (cm)

Tall
shrubb

Low
shrubc Herbc Mossc Litter0

Dead
woodc

Willow S a lix  spp. 81556 ±14409 0.9 ± 0.1 0.1 - 3.0 1.1 ±0.2

°o00io

31 ±7 0 ± 0 38 ±7 43 ±7 56 ±4 1 ±0
Alder A in  u s  te n u fo l ia 8500 ± 3657 4.8 ±0.3 1.3 - 7.4 5.8 ±1.5 1.4 - 11.8 55 ±11 0 ± 0 18 ±7 0 ±0 83 ±6 13 ± 3

Balsam poplar P o p u lu s  b a ls a m ife ra 1444 ±580 15.5 ±0.6 4.5 - 21.9 16.4 ±2.8 4.5 - 28.2 26 ±7 0 ±0 18 ± 9 0 ±0 88 ±4 9 ± 4

White spruce P ic e a  g la u c a 500 ±167 23.5 ±3.3 7.0 -31.3 31.4 ±5.4 7.3 -42.3 50 ±11 8 ± 1 23 ±2 53 ±8 33 ±8 16 ±6

Black spruce P ic e a  m a r ia n a 1833 ±419 8.5 ±2.8 1.9 - 16.0 9.2 ±3.3 1.1 - 18.0 19 ±8 86 ±4 18 ±2 62 ±2 13 ±9 9 ±2

a Basal diameters were measured for willow and alder shrubs. Diameters at 1.4 m height were measured for balsam poplar, white spruce, and black spruce trees. 

b Tall shrub % cover measured in 4 m2 plots.

c Low shrub, herb, moss, litter, and dead wood % cover measured in 1 m2 plots.



Table 2.3 Soil properties (0-20 cm depth) of the five successional stages. Values are means ±1 SE, n = 9 fo ra and n = 3 fo rb.

Successional
stage

Gravimetric 
moisture 

content3  (%)

Bulk 

density3  

(g cm '3) pHb % Cb % Nb C:Nb

C poolb 

(g C m '2)

N poolb 

(g N m '2)
Willow 32 ± 1 0.81 ± 0 . 0 2 8.00 ± 0 .0 3 1 . 2  ± 0 . 1 0.06 ± 0 . 0 1 21.4 ±0 .8 1948 ± 7 6 92 ± 7
Alder 29 ± 1 0.85 ±0.01 7.98 ± 0.06 1 . 8  ± 0 . 1 0 . 1 0  ± 0 . 0 0 18.3 ±0 .4 3044 ± 23 168 ± 5
Balsam poplar 2 1  ± 2 0.75 ±0 .02 6.96 ± 0.23 4.0 ±0.1 0 . 2 1  ± 0 . 0 1 19.9 ± 0 .5 5808 ± 588 295 ± 38
White spruce 36 ± 3 0.42 ± 0.04 5.78 ± 0.03 1 1 . 1  ± 1 . 2 0.41 ± 0 .0 4 26.8 ± 1 . 0 6931 ± 349 262 ± 2 1

Black spruce 55 ± 3 0 . 2 2  ± 0 . 0 2 5.27 ± 0.27 21.3 ± 2 .8 0.73 ±0 .1 2 29.7 ± 2.4 7106 ±1198 256 ± 60

a Mean of June, August, and September soil sampling. 
b Mean of September soil sampling.



Table 2.4 Soil amino acid composition for each successional stage over the growing season. Amino 
acid composition is expressed as the proportion of the total free amino acid concentration (%). Values 
are means ±1 SE and rank (1-18), n = 9. For each successional stage, high proportion is in bold and low 
proportion is in bold italics.

Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine.



Table 2.5 Amino acid properties and abbreviations. Bold indicates the six dominant amino acids found in this 
study. See Figure 1.2 for drawings o f amino acid molecular structures.

Name Symbol

Molecular

structure 3

Molecular

weight3

(g)
# o f N 
atoms

C:N
ratio Charge 13 Polarity*5

Solubility3  

(g L' 1 water 
at 25°C)

pH at 
isoelectric 

point3

Alanine Ala c 3h7n o 2 89.09 1 3.0 Neutral Non-polar 165 6 . 0 0

Arginine Arg ceH 1 4 N4 0 2 174.20 4 1.5 Basic Polar 183 10.76
Asparagine Asn C4 H8 N2 0 3 132.12 2 2 . 0 Neutral Polar 25 5.41
Aspartic acid Asp c 4h7n o 4 133.10 1 4.0 Acidic Polar 5 2.77
Cysteine Cys c 3 h 7 n o 2s 121.16 1 3.0 Neutral Polar very 5.07
Glutamic acid Glu c 5h9n o 4 147.13 1 5.0 Acidic Polar 42 3.22
Glutamine Gin C 5 H 1 0 N 2 O 3 146.15 2.5 Neutral Polar 9 5.65
Glycine Gly c 2 h 5 n o 2 75.07 1 2 . 0 Neutral Non-polar 251 5.97
Histidine His cgH9 N3 0 2 155.16 2 . 0 Basic Polar 44 7.59
Isoleucine lie C6 H 1 3 N 0 2 131.17 1 6 . 0 Neutral Non-polar 34 6 . 0 2

Leucine Leu C6 H 1 3 N 0 2 131.17 1 6 . 0 Neutral Non-polar 2 2 5.98
Lysine Lys C0 H1 4N2 O2 146.19 3.0 Basic Polar 6 9.74

Methionine Met C5 HHNO2 S 149.21 1 5.0 Neutral Polar 56 5.74

Phenylalanine Phe C gH ^N O , 165.19 1 9.0 Neutral Non-polar 28 5.48

Proline Pro c 5 h 9 n o 2 115.13 1 5.0 Neutral Non-polar 1623 6.30
Serine Ser c 3 h 7 n o 3 105.09 1 3.0 Neutral Polar 50 5.68

Threonine Thr c 4 h 9 n o 3 119.12 1 4.0 Neutral Polar 98 5.60
Tryptophan Trp C 1 i H 1 2 N 2 0 2 204.23 5.5 Neutral Non-polar 13 5.89

Tyrosine Tyr c 9 h 1 1 n o 3 181.19 1 9.0 Neutral Non-polar 0.5 5.66
Valine Val CsH^NOa 117.15 1 5.0 Neutral Non-polar 89 5.96

a Lide, 2004. 
b Lehninger et al., 1993.



Table 2.6 Soil amino acid concentration on a soil mass basis (ng N g"1 dry soil) for each 
successional stage over the growing season. Values are means ±1 SE, n = 9. For each successional 
stage, high concentration is in bold and low concentration is in bold italics.

Amino acid W illow Alder Balsam poplar W hite spruce Black spruce

Alanine 58 ± 7 48 ± 4 112 ± 13 327 ± 32 612 ± 6 7

Arginine 18 ± 6 38 ± 8 19 ± 5 71 ± 8 121 ± 14

Asparagine 40 ± 5 67 ± 10 71 ± 9 196 ± 2 7 302 ± 44

Aspartic acid 58 ± 6 48 ± 5 98 ± 6 282 ± 24 471 ± 6 3

Glutamic acid 81 ± 9 8 9  ± 8 1 9 4  ± 3 0 4 1 7  ± 4 6 967 ± 100

Glutamine 8 7  ± 4 81 ± 6 90 ± 1 6 299 ± 58 1 4 0 2  1 2 3 1

Glycine 12 ± 2 17 ± 2 22 ± 1 48 ± 4 63 ± 6

Histidine 15 ± 3 30 ± 3 50 ± 8 221 ± 30 510 ± 6 0

Isoleucine 6 ± 1 8 ± 1 13 ± 1 30 ± 3 36 ± 3

Leucine 8 ± 1 9 ± 1 8 ± 1 14 ± 2 36 ± 2

Lysine 1 ± 1 8 ± 3 8 ± 3 6 ± 2 7 ± 4

Methionine 3 ± 1 3 ± 1 3 ± 0 4 ± 1 6 ± 1
Phenylalanine 5 ± 1 5 ± 1 7 ± 1 15 ± 2 29 ± 3

Serine 13 ± 2 19 ± 1 36 ± 4 92 ± 9 146 ± 1 3

Threonine 11 ± 2 23 ± 7 24 ± 3 47 ± 5 71 ± 10

Tryptophan 10 ± 3 3 ± 1 3 ± 1 11 ± 3 16 ± 4

Tyrosine 3 ± 0 4 ± 1 4 ± 1 9 ± 2 16 ± 3

Valine 10 ± 2 12 ± 1 28 ± 3 59 ± 7 56 ± 7

TFAA 438 ± 28 514 ± 3 7 792 ± 80 2148 ± 2 0 6 4867 ± 563

TFAA = total free amino acid concentration (sum of the 18 amino acids).



Table 2.7 Soil amino acid concentration on a soil area basis (mg N m" ) for each successional 
stage over the growing season. Values are means ±1 SE, n = 9. For each successional stage, 
high concentration is in bold and low concentration is in bold italics.

2

Amino acid W illow Alder Balsam poplar White spruce Black spruce

Alanine 9.1 ±1.1 7.3 ±0 .6 11.1 ± 1 .3 14.8 ±1 .2 13.3 ±1.1

Arginine 3.1 ± 1 .0 5.8 ±1 .2 2.1 ± 0 .5 3.4 ±0 .4 2.9 ±0 .4

Asparagine 6.4 ± 0 .7 9.9 ±1 .4 7.1 ± 0 .8 8.6 ±0 .9 6.6 ±0 .7

Aspartic acid 9.1 ± 0 .7 7.3 ±0 .8 9.9 ± 0 .6 13.3 ±1 .2 10.6 ± 1.3

Glutamic acid 12.7 ±1.1 1 3 . 2  ± 0 . 9 1 9 . 6  ± 3 . 0 1 9 . 9  ± 2 . 0 20.3 ±1 .3

Glutamine 1 3 . 9  ± 0 . 6 12.2 ±0 .9 9.5 ± 1 .7 14.4 ±2.1 2 8 . 9  ±  3 . 2

Glycine 1.9 ± 0 .3 2.7 ±0 .4 2.3 ± 0 .2 2.4 ±0 .2 1.4 ±0.1

Histidine 2.3 ± 0 .5 4.7 ±0 .6 5.0 ± 0 .8 10.3 ±1 .3 10.7 ±0 .8

Isoleucine 0.9 ±0.1 1.3 ±0.1 1.4 ±0.1 1.4 ±0.1 0.8 ± 0.1

Leucine 1.3 ±0.1 1.4 ±0 .2 0.9 ±0.1 0.7 ±0.1 0.8 ±0.1

Lysine 0.2 ±0.1 1.2 ±0 .5 0.9 ± 0 .4 0.3 ±0.1 0.2 ±0.1

Methionine 0.5 ± 0.1 0.4 ±0.1 0.3 ± 0.0 0.2 ± 0.0 0.2 ±0.0
Phenylalanine 0.7 ±0.1 0.8 ±0.1 0.8 ±0.1 0.8 ±0.1 0.7 ±0.1

Serine 2.0 ± 0 .4 2.9 ±0 .2 3.7 ± 0 .4 4.4 ±0 .5 3.3 ±0 .3

Threonine 1.7 ± 0 .3 3.4 ±0 .9 2.4 ± 0 .3 2.3 ±0 .2 1.6 ±0 .2

Tryptophan 1.6 ± 0 .4 0.5 ±0 .2 0.4 ±0 .2 0.5 ±0.1 0.3 ±0.1

Tyrosine 0.4 ±0.1 0.6 ±0.1 0.5 ±0.1 0.4 ±0.1 0.3 ±0 .0

Valine 1.6 ±0 .2 1.9 ±0 .2 2.8 ±0 .3 2.8 ±0 .3 1.3 ±0.1

TFAA 69.4 ± 3 .4 77.6 ±5.1 80.5 ± 7 .9 100.8 ±7 .6 104.2 ±8 .0

Soil core mass (g) 425.6 ± 8 .3 405.9 ±9 .9 290.0 ± 4 .9 148.6 ±10 .0 70.5 ±6 .5

TFAA = total free amino acid concentration (sum of the 18 amino acids).



Table 2.8 Organic and mineral horizon soil properties (0-20 cm depth) of the five successional stages. Values are means ±1 
SE, n = 9 fo ra and n = 3 for b.

S u c c e s s i o n a l

s t a g e H o r i z o n

H o r i z o n  

v o l u m e 3 

( %  o f  

c o r e )

H o r i z o n

m a s s 3 

( %  o f  

c o r e )

G r a v i m e t r i c

m o i s t u r e

c o n t e n t 3

(%)

B u l k  

d e n s i t y 3 

( 9  c m ’3 ) p H b % C b % N b C : N b

C  p o o l b 

(g c m ' 2 )

N  p o o l b 

(g N  m ' 2 )

W i l l o w
O r g a n i c 0 ±0 0 ±0 N D N D N D N D N D N D N D N D

M i n e r a l 100 ±0 100 ±0 32 ±1 0.81 ±0.02 8.00 ±0.03 1.2 ±0.1 0.06 ±0.01 21.4 ±0.8 1948 ±76 92 ±7

A l d e r
O r g a n i c 18 ±2 6 ±1 47 ±2 0.25 ±0.02 7.21 ±0.07 13.2 ±1.0 0.84 ±0.07 15.8 ±0.2 1288 ±124 82 ±9

M i n e r a l 82 ±2 94 ±1 28 ±1 0.89 ±0.02 8.04 ±0.07 1.0 ±0.1 0.05 ±0.01 21.7 ±0.4 1389 ±139 66 ±7

Balsam nonlar O r g a n i c 41 ±1 12 ±1 49 ±3 0.14 ±0.01 6.26 ±0.10 23.5 ±1.5 1.16 ±0.11 20.4 ±0.6 3021 ±352 151 ±22
I—SCJIOC41 1 1 M KJ 1 Cl 1

M i n e r a l 59 ±1 88 ±1 17 ±2 0.83 ±0.02 7.06 ±0.25 1.2 ±0.2 0.06 ±0.01 19.1 ±0.5 1129 ±140 59 ±6

W h i t e  s p r u c e
O r g a n i c 60 ±2 30 ±3 49 ±2 0.11 ±0.00 5.63 ±0.13 24.9 ±1.1 0.87 ±0.04 28.7 ±0.8 3651 ±487 128 ±16

M i n e r a l 40 ±2 70 ±3 30 ±3 0.52 ±0.04 5.80 ±0.01 4.7 ±0.5 0.20 ±0.02 23.1 ±1.1 1408 ±277 63 ±14

B l a c k  s p r u c e
O r g a n i c 79 ±3 53 ±5 62 ±3 0.07 ±0.00 5.01 ±0.16 30.1 ±2.4 0.97 ±0.13 31.9 ±1.7 3580 ±121 117 ±10

M i n e r a l 21 ±3 47 ±5 50 ±4 0.37 ±0.02 5.65 ±0.28 7.0 ±0.9 0.31 ±0.06 23.4 ±2.9 1159 ±510 55 ±29

9 Mean of June, August, and September soil sampling. 
b Mean of September soil sampling.
ND = not determined because willow had no organic horizons.

ON



Table 2.9 Soil amino acid composition for organic and mineral horizons of each successional stage. Amino acid composition 
is expressed as the proportion of the total free amino acid concentration (%). Values are means ±1 SE and rank (1-18), n = 9. 
For each horizon of a given successional stage, the highest proportion is in bold and the lowest proportion is in bold italics.

WILLOW ALDER BALSAM POPLAR WHITE SPRUCE BLACK SPRUCE
Amino acid Organic Mineral________Organic_______ Mineral_______ Organic_______ Mineral_______ Organic_______ Mineral_______ Organic_______ Mineral

Alanine ND 12.7 ± 1.1 (4) 10.1 ±0.8 (4) 9.1 ± 0.8 (4) 15.9 ±0.8 (2) 10.4 ±0.4 (4) 15.6 ±0.6 (2) 11.1 ±0.4 (5) 12.6 ±0.4 (3) 10.4 ±1.5 (3)

Arginine ND 4.7 ± 1.8 (6) 4.6 ±0.9 (7) 8.1 ± 1.4 (6) 1.6 ±0.3 (12) 3.7 ±1.0 (7) 3.3 ±0.2 (9) 2.9 ±0.5 (9) 2.3 ±0.3 (8) 7.0 ±1.5 (7)

Asparagine ND 9.4 ± 1.0 (5) 14.6 ±2.4 (2) 11.9 ± 0.9 (3) 4.9 ±0.7 (8) 13.3 ±0.9 (3) 7.8 ±0.7 (6) 11.1 ±0.6 (4) 6.2 ±0.4 (6) 9.1 ±1.8 (6)

Aspartic acid ND 12.8 ± 0.6 (3) 11.9 ±0.6 (3) 8.5 ± 0.9 (5) 15.9 ±1.3 (3) 9.6 ±0.7 (5) 14.1 ±0.8 (3) 12.7 ±1.2 (3) 9.5 ±0.7 (5) 10.0 ±1.9 (4)

Glutamic acid ND 18.2 ± 1.2 (2) 2 4 . 2  ± 1 . 7 ( 1 ) 14.3 ± 0.8 (2) 2 7 . 2  ± 2 . 0 ( 1 ) 1 9 . 9  ± 1 . 0 ( 1 ) 2 0 . 8  ± 0 . 8 ( 1 ) 16.2 ±0.8 (2) 21.1 ±0.8 (2) 1 7 . 5  ± 1 . 3 ( 1 )

Glutamine ND 2 0 . 2  ±  1 . 0  ( 1 ) 9.1 ±1.3 (5) 1 9 . 0  ±  1 . 8  ( 1 ) 5.8 ±1.2 (5) 15.7 ±1.8 (2) 10.9 ±1.8 (4) 1 7 . 7  ± 2 . 1 ( 1 ) 2 7 . 6  ± 1 . 7 ( 1 ) 15.2 ±2.2 (2)
Glycine ND 2.8 ± 0.5 (9) 2.6 ±0.3 (11) 3.8 ± 0.5 (10) 2.8 ±0.3 (10) 3.3 ±0.4 (9) 2.4 ±0.2 (11) 3.2 ±0.6 (7) 1.3 ±0.1 (10) 1.7 ±0.6 (15)

Histidine ND 3.4 ± 0.7 (7) 4.9 ±0.7 (6) 6.7 ± 0.9 (7) 5.9 ±0.6 (4) 6.1 ±0.6 (6) 10.2 ±0.8 (5) 10.0 ±1.6 (6) 10.9 ±0.4 (4) 9.2 ±0.8 (5)

Isoleucine ND 1.3 ± 0.2 (14) 1.9 ±0.2 (13) 1.4 ± 0.2 (13) 2.1 ±0.2 (11) 1.5 ±0.1 (13) 1.5 ±0.1 (12) 1.5 ±0.2 (12) 0.8 ± 0.1 (12) 1.9 ±0.3 (12)

Leucine ND 1.9 ± 0.2 (13) 2.3 ±0.2 (12) 1.4 ± 0.2 (14) 1.1 ±0.2 (13) 1.3 ± 0.1 (14) 0.6 ±0.1 (14) 1.2 ±0.1 (14) 0.7 ±0.1 (13) 2.2 ±0.3 (11)
Lysine ND 0.3 ± 0.2 ( 18) 0.2 ± 0.1 ( 18) 2.0 ± 0.8 (11) 0.2 ±0.1 (17) 2.7 ±1.4 (11) 0.2 ±0.1 (17) 0.7 ±0.3 (16) 0.0 ± 0.0 (18) 1.9 ±1.0 (13)

Methionine ND 0.8 ± 0.1 (16) 0.3 ±0.1 (17) 0.7 ± 0.2 (18) 0.2 ± 0.1 (18) 0.8 ± 0.1 ( 18) 0.2 ± 0.0 (18) 0.5 ± 0.1 (18) 0.1 ±0.0 (17) 1.4 ±0.6 (16)

Phenylalanine ND 1.1 ± 0.2 (15) 0.8 ±0.1 (14) 1.1 ± 0.2 (15) 0.9 ±0.1 (14) 1.2 ±0.1 (15) 0.7 ±0.1 (13) 1.1 ±0.2 (15) 0.6 ±0.1 (14) 1.9 ±0.4 (14)
Serine ND 2.8 ± 0.4 (8) 4.3 ±0.4 (8) 3.8 ± 0.6 (9) 5.7 ±0.4 (6) 3.4 ±0.3 (8) 5.1 ±0.6 (7) 3.1 ±0.5 (8) 3.1 ±0.2 (7) 3.2 ±0.5 (8)
Threonine ND 2.5 ± 0.4 (10) 3.7 ±0.3 (9) 4.5 ± 1.4 (8) 3.7 ±0.4 (9) 2.8 ±0.4 (10) 2.5 ±0.3 (10) 2.4 ±0.3 (11) 1.3 ±0.1 (9) 3.1 ±0.4 (9)

Tryptophan ND 2.3 ± 0.7 (11) 0.5 ±0.2 (16) 0.8 ± 0.3 (16) 0.3 ±0.1 (16) 1.0 ±0.5 (16) 0.4 ±0.1 (16) 1.4 ±0.3 (13) 0.4 ±0.1 (15) 0.7 ± 0.4 ( 18)

Tyrosine ND 0.6 ± 0.1 (17) 0.7 ±0.1 (15) 0.8 ± 0.2 (17) 0.4 ±0.1 (15) 0.9 ±0.2 (17) 0.4 ±0.1 (15) 0.6 ±0.1 (17) 0.3 ±0.1 (16) 1.1 ±0.2 (17)

Valine ND 2.3 ± 0.3 (12) 3.5 ±0.4 (10) 1.9 ± 0.2 (12) 5.4 ±0.7 (7) 2.3 ±0.3 (12) 3.5 ±0.5 (8) 2.6 ±0.3 (10) 1.3 ±0.2 (11) 2.6 ±0.3 (10)

Sum of six 
dominant 
amino acids

ND 76.7 ± 2.1 74.8 ±1.5 69.6 ± 1.6 75.5 ±1.9 75.1 ±2.0 79.3 ±1.7 78.8 ±1.4 87.9 ±0.7 71.4 ±3.9

Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine. 
ND = not determined because willow had no organic horizons. ON



Table 2.10 Soil amino acid concentration (ng N g '1 dry soil) for organic and mineral horizons of each successional stage. 
Values are means ±1 SE, n = 9. For each horizon of a given successional stage, highest concentration is in bold and lowest 
concentration is in bold italics.

W ILLOW  ALDER BALSAM POPLAR W HITE SPRUCE BLACK SPRUCE
Amino acid Organic Mineral Organic Mineral O rganic Mineral Organic Mineral Organic Mineral
Alanine N D 58 ± 7 373 ± 87 34 ± 4 635 ± 8 6 48 ± 5 954 ± 87 91 ±13 1132 ±1 17 141 ±42

Arginine N D 1 8 + 6 178 ±4 7 31 ± 6 60 ± 8 14 ± 4 207 ± 20 21 ± 4 198 ±2 9 49 ± 5
Asparagine N D 40 ± 5 432 ± 92 46 ± 6 173 ± 2 5 58 ± 8 436 ±51 93 ±11 488 ± 43 106 ±32

Aspartic acid N D 5 8 + 6 387 ± 57 32 ± 4 583 ± 6 0 42 ± 4 820 ± 90 93 ±1 0 9 0 0 ± 1 2 4 94 ± 1 6
Glutamic acid N D 81 ± 9 8 7 6  ± 1 7 2 52 ± 3 1 1 0 5  ± 2 0 6 8 6  ±  1 1 1 2 4 4  ± 1 2 3 127 ±16 1707 ±153 188 ± 3 5
Glutamine N D 8 7  ± 4 305 ± 52 6 9  ± 6 290 ± 77 68 ±11 742 ± 96 1 4 4  ± 2 2 2 5 9 5  ±  3 7 1 1 9 4  ± 4 8

Glycine N D 12 ±2 90 ± 2 0 14 ± 2 104 ±1 0 13 ± 1 138 ± 1 8 18 ± 2 118 ± 15 11 ± 3
Histidine N D 15 ± 3 176 ±3 9 24 ± 3 241 ±4 7 27 ± 4 599 ± 74 82 ±19 905 ±9 9 109 ± 2 5

Isoleucine N D 6 ± 1 74 ±2 0 5 ± 1 80 ±11 6 ± 1 85 ± 8 10 ± 1 56 ± 3 15 ± 3

Leucine N D 8 ± 1 84 ±1 7 6 ± 1 43 ± 8 5 ± 1 33 ± 3 7 ± 1 57 ± 7 17 ± 4

Lysine N D 1 ±1 3 ± 2 8 ± 3 7 ± 2 8 ± 4 8 ± 3 5 ± 2 1 ± 1 17 ± 10
Methionine N D 3 ± 1 11 ± 3 3 ± 1 5 ±1 3 ± 0 7 ±1 3 ±1 8 ± 3 5 ± 1

Phenylalanine N D 5 ± 1 31 ± 7 4 ±1 36 ± 4 4 ± 0 43 ± 4 7 ± 1 46 ± 5 12 ± 2

Serine N D 13 ± 2 162 ± 3 6 13 ± 1 228 ± 33 14 ± 2 303 ±4 2 21 ± 3 265 ± 24 29 ± 5
Threonine N D 11 ± 2 135 ± 2 8 18 ± 7 132 ± 18 11 ± 2 141 ± 1 8 15 ± 2 115 ± 18 26 ± 6
Tryptophan N D 10 ± 3 17 ± 7 2  ± 1 11 ± 6 3 ± 1 15 ± 5 8 ± 2 25 ± 7 4 ±3
Tyrosine N D 3 ± 0 21 ± 2 3 ± 1 14 ± 4 3 ± 1 23 ± 2 4 ± 1 23 ± 4 9 ± 2

Valine N D 10 ± 2 135 ± 3 9 7 ± 1 192 ±2 7 9 ± 1 181 ± 2 5 17 ± 2 92 ± 1 0 23 ± 5

TFAA N D 438 ±2 8 3490 ± 590 371 ± 2 8 3938 ±493 420 ± 4 0 5980 ±463 764 ± 80 8731 ±9 13 1051 ±182

TFAA = total free amino acid (sum of 18 amino acids).
ND = not determined because willow had no organic horizons.



Table 2.11 Amino acid composition in September soil and fall plant litter for each successional stage. Amino acid 
composition is expressed as the proportion of total free amino acid concentration (%) and rank (1-18). Bold indicates 
the highest amino acid proportion in soil or plant litter for a given successional stage.

W ILLOW  ALDER BALSAM POPLAR W HITE SPRUCE BLACK SPRUCE
Amino acid Soil Leaves Soil Leaves Soil Leaves Soil Needles Soil Needles Moss

Alanine 10 (4) 11 (5) 9 (4) 18 (2) 11 (4) 7 (8) 13 (3) 1 8  ( 1 ) 11 (3) 9 (5) 2 8  ( 1 )

Arginine 8 (5) 2 (11) 4 (8) 3 (10) 2 (12) 3 (11) 3 (8) 2 (13) 3 (8) 2 (11) 2 (11)
Asparagine 8 (6) 0 (17) 9 (3) 1 (14) 10 (5) 1 (17) 11 (5) 4 (9) 6 (6) 4 (6) 5 (6)
Aspartic acid 12 (3) 1 (14) 8 (5) 1 (15) 11 (3) 3 (10) 13 (4) 1 (17) 8 (5) 3 (8) 5 (7)
Glutamic acid 18 (2) 2 (12) 19 (2) 2 (13) 2 3  ( 1 ) 1 (15) 1 9 ( 1 ) 6 (5) 22 (2) 2 6  ( 1 ) 19 (2)

Glutamine 2 3 ( 1 ) 13 (2) 2 2  ( 1 ) 2 3 ( 1 ) 15 (2) 11 (4) 19 (2) 17 (2) 3 0 ( 1 ) 19 (2) 8 (4)
Glycine 3 (8) 1 (16) 3 (11) 1 (16) 3 (9) 1 (14) 2 (10) 1 (18) 1 (9) 1 (15) 1 (16)
Histidine 2 (9) 9 (6) 7 (6) 17 (3) 5 (6) 8 (6) 9 (6) 16 (3) 11 (4) 12 (4) 5 (5)
Isoleucine 1 (16) 11 (4) 1 (14) 4 (6) 2 (13) 11 (2) 1 (12) 4 (8) 1 (13) 2 (12) 1 (14)

Leucine 2 (10) 9 (7) 1 (13) 5 (5) 2 (14) 9 (5) 1 (14) 5 (7) 1 (12) 2 (13) 2 (12)
Lysine 0 (18) 0 (17) 3 (10) 0 (18) 3 (8) 0 (18) 1 (17) 1 (16) 1 (16) 13 (3) 0 (18)

Methionine 1 (14) 3 (10) 1 (17) 4 (7) 1 (18) 6 (9) 0 (18) 3 (10) 0 (18) 0 (16) 1 (17)
Phenylalanine 1 (15) 6 (8) 1 (18) 4 (8) 1 (15) 7 (7) 1 (15) 2 (14) 1 (14) 0 (17) 1 (15)
Serine 2 (12) 1 (15) 5 (7) 3 (12) 4 (7) 1 (13) 3 (7) 3 (11) 3 (7) 2 (10) 3 (8)

Threonine 2 (11) 3 (9) 3 (9) 4 (9) 3 (11) 3 (12) 2 (11) 2 (12) 1 (10) 2 (9) 3 (9)
Tryptophan 4 (7) 11 (3) 1 (15) 3 (11) 1 (17) 1 3  ( 1 ) 1 (13) 6 (6) 1 (15) 0 (18) 12 (3)
Tyrosine 1 (17) 2 (13) 1 (16) 1 (17) 1 (16) 1 (16) 1 (16) 2 (15) 0 (17) 1 (14) 1 (13)
Valine 2 (13) 1 4  ( 1 ) 2 (12) 6 (4) 3 (10) 11 (3) 2 (9) 7 (4) 1 (11) 3 (7) 2 (10)

Sum of six
dominant amino 
acids

73 36 73 63 76 32 84 62 87 72 71

Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine.



Table 2.12 Amino acid concentration (ng N g’1 dry wt.) of September soil and fall plant litter in each successional stage. 
Bold indicates the highest amino acid concentration in soil or plant litter for a given successional stage.

W ILLOW  ALDER BALSAM POPLAR W HITE SPRUCE BLACK SPRUCE
Amino acid Soil Leaves Soil Leaves Soil Leaves Soil Needles Soil Needles Moss
Alanine 40 1082 38 767 85 548 329 8 7 9 589 123 5 2 6 1

Arginine 27 245 17 121 13 250 72 101 118 27 425
Asparagine 31 0 40 60 76 57 251 173 296 62 958
Aspartic acid 46 95 38 54 81 254 300 64 453 37 851
Glutam ic acid 69 173 78 101 1 6 7 65 433 293 1082 3 7 4 3571
Glutamine 8 9 1344 8 7 9 7 2 111 823 4 5 6 816 1 7 3 3 267 1466
Glycine 13 58 11 53 21 90 37 33 58 16 128
Histidine 10 961 24 695 38 611 193 804 523 179 981
Isoleucine 4 1149 6 172 11 841 24 219 34 27 200
Leucine 7 943 7 221 11 633 20 221 38 24 364
Lysine 0 0 15 0 15 0 11 69 19 180 0
Methionine 5 294 3 164 4 405 5 136 9 0 100
Phenylalanine 4 621 4 153 8 549 19 101 26 0 184
Serine 8 93 19 112 28 110 66 126 135 28 610
Threonine 7 353 12 152 18 227 36 118 51 33 561
Tryptophan 18 1162 4 120 4 9 8 6 21 288 19 0 2203
Tyrosine 2 162 4 40 6 64 13 92 16 19 242
Valine 6 1 4 2 6 9 239 19 841 39 366 39 43 458

TFAA 386 10162 417 4198 714 7355 2325 4899 5236 1439 18562

TFAA = total free amino acid concentration (sum of the 18 amino acids).

Os



Table 2.13 Seasonal soil amino acid composition for each successional stage in June, August, and September. Amino acid 
composition is expressed as the proportion of the total free amino acid concentration (%). Values are means ±1 SE and rank 
(1-18), n = 3. For each successional stage, bold indicates the month with the highest individual amino acid proportion over 
the growing season. Continued on the next page.

____________ WILLOW____________   ALDER_____________  BALSAM POPLAR________

Amino acid__________June________ August______ September_________ June_________August______ September_________ June_________August______ September

Alanine 11.9 ±0.7 (4) 1 6 . 2  ± 1 . 5 (3) 9.9 ±1.1 (4) 8.4 ±0.6

Arginine 3.5 ±1.7 (8) 2.7 ±1.4 (9) 7 . 8  ± 4 . 9 (5) 9 . 2  ± 2 . 3

Asparagine 9.6 ± 0.4 (5) 1 0 . 9  ± 0 . 8 (5) 7.8 ± 3.0 (6) 1 6 . 0  ± 1 . 5

Aspartic acid 1 3 . 8  ± 1 . 8 (3) 12.7 ±0.3 (4) 12.0 ± 1.0 (3) 8.5 ±0.5

Glutamic acid 2 0 . 5  ± 2 . 0 (1) 16.2 ±0.2 (2) 17.9 ±2.8 (2) 16.0 ±2.9

Glutamine 18.4 ±1.6 (2) 19.2 ±0.8 (1) 2 2 . 9  ± 1 . 5 (1) 15.3 ±1.8

Glycine 2.8 ±0.6 (10) 2.3 ±0.9 (10) 3 . 2  ± 1 . 2 (8) 3.3 ±0.8

Histidine 3.7 ±0.6 (6) 4 . 0  ± 0 . 4 (6) 2.5 ±2.3 (9) 5.1 ±0.5

Isoleucine 1 . 4  ± 0 . 3 (13) 1.4 ±0.2 (14) 1.1 ±0.4 (16) 1.9 ±0.2

Leucine 1.7 ±0.4 (12) 2.0 ±0.1 (11) 2 . 0  ± 0 . 5 (10) 2 . 0  ±  0 . 2

Lysine 0.1 ±0.1 (18) 0 . 8  ± 0 . 5 (16) 0.0 ±0.0 (18) 0.0 ±0.0

Methionine 0.5 ±0.2 (17) 0.5 ±0.1 (18) 1 . 3  ± 0 . 0 (14) 0.4 ±0.2

Phenylalanine 0.8 ±0.1 (15) 1 . 2  ± 0 . 2 (15) 1.2 ±0.5 (15) 0.9 ±0.2

Serine 3.3 ±0.6 (9) 3 . 3  ± 0 . 4 (7) 1.8 ±1.1 (12) 3.3 ±0.8

Threonine 3 . 6  ± 0 . 5 (7) 1.9 ±0.7 (12) 1.9 ±0.7 (11) 7 . 1  ± 1 . 9

Tryptophan 1.0 ±0.1 (14) 1.6 ±0.8 (13) 4 . 4  ± 1 . 2 (7) 0.0 ±0.0

Tyrosine 0 . 7  ± 0 . 2 (16) 0.5 ±0.1 (17) 0.5 ±0.2 (17) 0.5 ±0.1

Valine 2.6 ±0.1 (11) 2 . 7  ± 0 . 3 (8) 1.6 ±0.8 (13) 2.2 ±0.2

Sum of six 
dominant 
amino acids

77.9 ±1.6 7 9 . 1  ± 1 . 2 73.0 ±6.0 69.2 ±1.9

(6) 1 0 . 8  ± 0 . 3 (5) 8.8 ±1.1 (4) 14.2 ±0.2 (2) 1 4 . 3  ± 0 . 7 (3) 11.2 ±0.8 (4)

(4) 7.7 ±0 .6 (6) 4.2 ±1.8 (8) 3 . 3  ± 1 . 3 (8) 2.8 ±0.9 (11) 1.6 ± 0.6 (12)

(1) 12.7 ±1.1 (2) 9.1 ±1.3 (3) 8.5 ±1.7 (5) 8.1 ±1.6 (4) 1 0 . 4  ± 0 . 8 (5)

(5) 1 1 . 2  ± 0 . 8 (4) 8.3 ±1.2 (5) 10.9 ±0.2 (4) 1 5 . 7  ± 1 . 0 (2) 11.2 ±0.4 (3)

(2) 17.0 ±0.4 (1) 1 9 . 0  ± 1 . 2 (2) 2 6 . 6  ± 2 . 3 (1) 21.3 ±0.5 (1) 23.3 ±1.1 (1)

(3) 11.7 ±0.3 (3) 2 1 . 5  ± 2 . 6 (1) 11.5 ±1.1 (3) 6.3 ±0.6 (5) 1 4 . 6  ± 1 . 9 (2)

(10) 4 . 0  ± 0 . 6 (8) 2.8 ±0.5 (11) 2.7 ±0.7 (11) 3 . 4  ± 0 . 6 (10) 3.1 ±0.5 (9)

(8) 6 . 9  ± 1 . 1 (7) 6.7 ±2.0 (6) 7 . 4  ± 0 . 8 (6) 5.4 ±0.3 (7) 5.3 ±0.4 (6)

(13) 1 . 6  ± 0 . 3 (14) 1.4 ±0.2 (14) 1.5 ±0.2 (12) 2 . 2  ± 0 . 1 (12) 1.6 ±0.2 (13)

(12) 1.8 ±0.3 (12) 1.4 ±0.3 (13) 0.9 ± 0.0 (13) 1.1 ±0.1 (16) 1 . 6  ± 0 . 2 (14)

(17) 1.7 ±0.9 (13) 2 . 9  ± 1 . 1 (10) 0.0 ±0.0 (17) 1.5 ±0.7 (14) 3 . 4  ± 2 . 5 (8)

(16) 0.5 ±0.2 (18) 0 . 9  ± 0 . 2 (17) 0.3 ±0.0 (16) 0.5 ±0.0 (17) 0 . 6  ± 0 . 1 (18)

(14) 1 . 1  ± 0 . 2 (16) 0.8 ±0.4 (18) 0.9 ±0.1 (14) 1 . 1  ± 0 . 2 (15) 1.1 ±0.0 (15)

(9) 3.8 ±0.3 (9) 4 . 8  ± 0 . 8 (7) 4.6 ±0.2 (7) 5 . 0  ±  0 . 5 (8) 4.0 ±0.6 (7)

(7) 2.3 ±0.1 (11) 3.0 ±0.6 (9) 3.3 ±0.2 (9) 3 . 6  ± 0 . 6 (9) 2.6 ±0.5 (11)

(18) 1 . 3  ± 0 . 4 (15) 1.2 ±0.6 (15) 0.0 ±0.0 (18) 1 . 6  ± 1 . 0 (13) 0.8 ±0.4 (17)

(15) 0 . 9  ±  0 . 1 (17) 0.9 ±0.4 (16) 0.4 ±0.1 (15) 0.5 ±0.1 (18) 0 . 9  ± 0 . 2 (16)

(11) 2 . 8  ± 0 . 3 (10) 2.3 ±0.5 (12) 3.2 ±0.4 (10) 5 . 5  ± 0 . 2 (6) 2.6 ±0.0 (10)

70.4 ±1.4 7 3 . 4  ±  3 . 0 7 9 . 0  ± 1 . 7 71.2 ±1.6 76.0 ±3 .5

Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine. c\
oo



Table 2.13 continued.

_________WHITE SPRUCE_________  BLACK SPRUCE_________

Amino acid__________ June_________August______ September___________June________ August______ September

Alanine

Arginine

Asparagine

Aspartic acid

Glutamic acid

Glutamine

Glycine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Serine

Threonine

Tryptophan

Tyrosine

Valine

Sum of six 
dominant 
amino acids

14.4 ±0.5 (3)

3 . 5  ± 0 . 2 (8)

7.2 ±1.2 (6)

1 5 . 3  ± 2 . 3 (2)

2 1 . 6  ± 1 . 5 (1)

11.0 ± 1.8 (4)

2.5 ±0.3 (11)

10.5 ±1.0 (5)

1.6 ±0.1 (12)

0.5 ± 0.0 (14)

0.2 ±0.2 (16)

0.1 ±0.0 (18)

0.7 ±0.0 (13)

4.8 ±0.5 (7)

2.6 ±0.1 (10)

0.1 ±0.1 (17)

0.3 ±0.0 (15)

3.1 ±0.4 (9)

80.0 ±1.4

1 5 . 5  ± 0 . 9 (2)

3.1 ±0.3 (11)

8.7 ±0.2 (5)

13.4 ±0.7 (3)

18.3 ±0 .9 (1)

8.4 ± 2.2 (6)

3 . 2  ± 0 . 2 (9)

1 1 . 0  ± 2 . 4 (4)

1 . 8  ± 0 . 2 (12)

0.7 ±0.1 (15)

0.3 ±0.2 (18)

0 . 3  ± 0 . 0 (17)

0.7 ±0.0 (13)

6 . 0  ± 0 . 7 (7)

3 . 2  ±  0 . 4 (10)

0.7 ±0.1 (14)

0.5 ±0.1 (16)

4 . 5  ± 0 . 7 (8)

75.2 ±2.1

13.5 ±0.6 (3)

2.7 ±0.4 (8)

1 0 . 5  ± 0 . 9 (5)

12.7 ±0.7 (4)

19.2 ±1.0 (1)
1 8 . 9  ± 1 . 4 (2)

1.7 ±0.3 (10)

9.0 ±1.8 (6)

1.1 ±0.0 (12)

0 . 9  ±  0 . 1 (14)

0 . 6  ± 0 . 3 (17)

0.3 ±0.0 (18)

0 . 9  ± 0 . 1 (15)

2.9 ±0.1 (7)

1.7 ±0.0 (11)

1 . 0  ± 0 . 2 (13)

0 . 6  ± 0 . 1 (16)

1.8 ±0.1 (9)

8 3 . 8  ± 0 . 5

1 3 . 0  ± 1 . 2 (3)

2.4 ±0.7 (8)

7 . 4  ± 0 . 7 (6)

1 1 . 4  ± 0 . 7 (4)

19.8 ±1.3 (2)

24.3 ± 2.0 (1)

1.2 ±0.1 (11)

10.8 ±0.7 (5)

0.9 ±0.1 (12)

0.8 ±0.1 (13)

0.0 ±0.0 (18)

0.1 ±0.0 (17)

0.7 ±0.2 (14)

3 . 3  ± 0 . 4 (7)

2 . 0  ±  0 . 0 (9)

0.2 ±0.2 (16)

0.4 ±0.0 (15)

1.4 ±0.1 (10)

86.6 ±1.3

12.8 ±0.5 (3)

3 . 4  ±  0 . 4 (7)

7.0 ± 1.1 (6)

8.9 ±0.7 (5)

20.5 ±1.4 (2)

24.7 ±4.4 (1)

1 . 4  ± 0 . 1 (10)

1 1 . 1  ± 0 . 4 (4)

1 . 0  ± 0 . 2 (12)

0.8 ±0.1 (13)

0.1 ±0.1 (18)

0.2 ±0.0 (17)

0 . 8  ± 0 . 1 (14)

3.3 ±0.2 (8)

1.4 ±0.1 (11)

0.5 ±0.1 (15)

0.3 ±0.1 (16)

1 . 8  ± 0 . 4 (9)

85.0 ±1.7

11.4 ±0.3 (3)

2.5 ±0.4 (8)

5.8 ±0.5 (6)

7.9 ±0.9 (5)

2 1 . 6  ± 1 . 2 (2)

3 0 . 0  ± 2 . 2 (1)
1.3 ±0.4 (9)

10.5 ±0.6 (4)

0.8 ±0.1 (13)

0 . 9  ± 0 . 1 (12)

0 . 5  ± 0 . 3 (16)

0 . 3  ± 0 . 1 (18)

0.6 ±0.2 (14)

2.8 ±0.2 (7)

1.1 ±0.0 (10)

0 . 5  ± 0 . 4 (15)

0 . 4  ± 0 . 1 (17)

0.9 ±0.2 (11)

8 7 . 3  ± 1 . 7

Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine. Os



Table 2.14 Seasonal soil amino acid concentration on a soil mass basis (ng N g '1 dry soil) for each 
successional stage for June, August, and September. Values are means ±1 SE, n=3. For each successional 
stage, bold indicates the month with the highest individual amino acid concentration in the growing season. 
Continued on the next page.

Amino acid
W ILLOW ALDER BALSAM POPLAR

June August September June August September June August September

Alanine 55 ±11 7 8  ± 1 1 40 ± 6 51 ± 7 5 6  ± 3 38 ± 8 1 5 7  ± 1 2 93 ± 9 85 ± 1 5

Arginine 16 ± 6 13 ± 5 2 7  ±  1 6 5 6  ± 1 6 40 ± 4 17 ±7 3 0  ± 9 15 ±6 13 ± 7

Asparagine 43 ± 6 4 8  ± 5 31 ± 12 9 6  ± 1 6 65 ± 4 40 ±13 8 5  ± 2 2 51 ± 6 76 ± 8

Aspartic acid 62 ±11 6 5  ± 1 2 46 ± 6 48 ± 5 5 9  ± 5 38 ±12 1 1 6  ± 8 97 ± 7 81 ± 9

Glutam ic acid 9 6  ± 2 2 77 ± 7 69 ±11 9 9  ± 2 3 89 ± 4 78 ±12 2 8 8  ± 5 1 128 ±1 6 167 ±2 7

Glutamine 81 ± 8 9 0  ± 9 89 ± 3 9 5  ± 6 62 ± 4 87 ±11 1 1 9  ±  2 0 40 ± 7 111 ±2 6

Glycine 12 ± 1 11 ± 5 1 3  ± 5 19 ± 4 2 2  ± 4 11 ± 3 2 6  ± 3 21 ±2 21 ± 2

Histidine 1 7  ±  5 17 ± 2 10 ± 9 29 ±1 3 7  ± 7 24 ± 6 7 7  ± 1 2 35 ± 5 38 ± 6

Isoleucine 7 ±2 6 ± 1 4 ± 1 1 0  ± 1 8 ± 1 6 ± 1 1 6  ±  3 13 ± 2 11 ±1

Leucine 7 ± 2 9  ±  1 7 ± 2 1 1  ± 1 10 ± 1 7 ±2 9 ± 1 5 ± 1 1 1  ± 2

Lysine 1 ±1 3  ± 2 0 ± 0 0 ± 0 9 ± 5 1 5  ±  6 0 ± 0 8 ± 3 1 5  ±  8

Methionine 2 ± 1 2 ±1 5  ±  0 3 ± 1 3 ± 1 3  ±  1 2 ± 0 3 ± 0 4  ± 0

Phenylalanine 4 ± 1 6  ±  1 4 ± 2 5 ± 1 6  ±  1 4 ±2 8 ± 1 6 ± 0 8  ± 1

Serine 15 ± 4 1 5  ± 3 8 ± 5 19 ± 4 20 ± 2 19 ±2 4 9  ± 7 31 ± 3 28 ± 5

Threonine 1 6  ±  2 8 ± 3 7 ± 2 4 5  ± 1 6 12 ± 1 12 ±2 3 3  ± 2 20 ± 2 18 ± 4

Tryptophan 4 ± 0 7 ± 4 1 8  ± 5 0 ± 0 6  ±  2 4 ± 1 0 ± 0 6  ±  3 4 ± 2

Tyrosine 3  ±  1 3 ± 0 2 ± 1 3 ± 1 5  ±  0 4 ± 2 4 ± 0 3 ± 0 6  ±  2

Valine 12 ± 2 1 3  ± 2 6 ± 3 13 ± 2 1 5  ± 2 9 ± 1 3 4  ± 6 32 ± 3 19 ± 3

TFAA 455 ± 67 4 7 2  ±  5 2 386 ±1 9 6 0 3  ±  5 4 522 ± 1 3 417 ± 68 1 0 5 3  ± 1 1 0 608 ± 38 714 ± 100

TFAA = total free amino acid concentration (sum of the 18 amino acids).



Table 2.14 continued.

Amino acid

W HITE SPRUCE BLACK SPRUCE

June August September June August September

Alanine 337 ± 61 314 ± 64 329 ± 64 6 8 3 ± 1 1 7 5 6 5 ± 1 2 7 589 ±142

Arginine 79 ± 7 62 ±1 4 72 ±21 116 ± 28 129 ±21 118 ± 33

Asparagine 173 ±4 0 165 ±41 251 ±57 333 ± 72 278 ± 84 296 ±102

Aspartic acid 314 ±1 3 232 ±4 2 300 ± 56 574 ± 84 385 ±3 5 453 ±174

Glutamic acid 492 ± 91 326 ± 57 433 ± 82 975 ±6 4 844 ±143 1082 ±285

Glutamine 272 ± 75 169 ±8 3 456 ± 84 1286 ±224 1188 ±308 1733 ±643

Glycine 55 ± 5 53 ± 8 37 ± 4 69 ± 9 61 ±1 0 58 ± 16

Histidine 253 ± 51 217 ± 80 193 ±25 524 ± 90 4 8 3 ± 1 2 8 523 ±137

Isoleucine 35 ± 6 30 ± 3 24 ± 4 39 ± 5 34 ± 6 34 ± 6

Leucine 13 ± 3 10 ± 1 20 ± 6 37 ± 2 33 ± 5 38 ± 6

Lysine 3 ± 3 3 ± 3 11 ± 6 0 ± 0 2 ± 1 19 ± 9

Methionine 2 ± 1 4 ± 1 5 ± 0 3 ± 1 5 ± 1 9 ± 3

Phenylalanine 15 ± 2 12 ± 2 19 ± 4 30 ± 3 30 ± 6 26 ± 5
Serine 107 ± 1 9 103 ± 8 66 ±9 167 ± 3 137 ± 3 0 135 ±2 9

Threonine 57 ±11 48 ± 3 36 ±6 102 ± 12 60 ±1 6 51 ±1 3

Tryptophan 4 ± 4 9 ± 1 21 ± 7 13 ± 12 17 ± 3 19 ± 8

Tyrosine 6 ± 2 8 ± 2 13 ± 4 15 ± 5 16 ± 5 16 ± 5
Valine 70 ±11 68 ± 8 39 ±7 67 ± 8 64 ± 14 39 ± 6

TFAA 2287 ± 356 1833 ±385 2325 ±400 5032 ± 570 4331 ±887 5 2 3 6 ± 1 5 7 2

TFAA = total free amino acid concentration (sum of the 18 amino acids).



# b 2 
Table 2.15 Seasonal soil amino acid concentration on a soil area basis (mg N m ") for each successional stage in 
June, August, and September. Values are means ±1 SE, n = 3. For each successional stage, bold indicates the month 
with the highest individual amino acid concentration in the growing season. Continued on the next page.

WILLOW ALDER BALSAM POPLAR
Amino acid June August September June August September June August September
Alanine 8.5 ±1 .3 12.4 ± 1 .6 6.4 ±0 .8 7.4 ±0 .6 8.9 ± 0 .5 5.5 ±1.1 15.5 ±1.1 9.2 ±0 .8 8.6 ±1 .6
Arginine 2.4 ±1 .0 2.0 ±0 .8 4.7 ±3 .0 8.5 ±2 .5 6.3 ±0 .7 2.6 ±1.1 3.2 ±0 .9 1.6 ±0 .6 1.4 ±0 .8
Asparagine 6.7 ±0 .8 7.6 ±0 .7 4.9 ±1 .9 14.1 ±2 .0 10.0 ±0 .5 5.7 ±1 .7 8.4 ±2 .0 5.1 ±0 .7 7.7 ±0 .9
Aspartic acid 9.6 ±1 .4 10.0 ±1 .5 7.6 ± 0 .7 7.2 ±0 .2 9.4 ± 0 .9 5.4 ±1 .6 11.4 ±0 .9 10.1 ±0 .6 8.1 ±0 .8
Glutamic acid 14.8 ±2 .8 12.1 ±0 .9 11.1 ± 1 .5 14.3 ±2 .2 13.9 ±0 .7 11.5 ±1 .4 28.8 ±5 .2 12.7 ±1 .6 17.2 ±2 .9
Glutamine 12.9 ±1 .0 14.3 ± 1.1 14.6 ±0 .9 14.0 ±1 .2 9.7 ±0 .7 12.8 ±1 .4 12.5 ±2 .0 4.1 ±0 .7 11.8 ±3 .0
Glycine 1.9 ±0 .2 1.8 ±0 .7 2.1 ±0 .8 2.9 ±0 .9 3.6 ± 0 .6 1.7 ±0 .5 2.7 ± 0 .4 2.1 ±0 .2 2.2 ±0 .2
Histidine 2.7 ±0 .6 2.7 ±0 .3 1.5 ±1 .4 4.5 ±0 .5 6.0 ±1 .3 3.7 ±1 .0 7.7 ±1 .2 3.4 ±0 .4 3.9 ±0 .6
Isoleucine 1.0 ±0 .3 1.0 ±0 .2 0.7 ±0 .2 1.6 ± 0.1 1.3 ±0 .3 0.9 ±0 .2 1.6 ±0 .3 1.3 ±0 .2 1.1 ±0.1
Leucine 1.2 ±0 .3 1.5 ±0 .2 1.2 ±0 .3 1.7 ±0.1 1.6 ±0 .2 0.9 ±0 .3 1.0 ±0.1 0.6 ±0.1 1.2 ±0 .2
Lysine 0.1 ±0.1 0.5 ±0 .4 0.0 ±0 .0 0.0 ±0 .0 1.4 ± 0 .7 2.2 ±1 .0 0.0 ±0 .0 0.9 ±0 .4 1.8 ± 1.0
Methionine 0.3 ±0.1 0.4 ±0.1 0.8 ±0.1 0.4 ±0 .2 0.4 ±0.1 0.5 ±0.1 0.3 ±0 .0 0.3 ±0 .0 0.4 ±0 .0
Phenylalanine 0.6 ±0.1 0.9 ±0.1 0.7 ±0 .3 0.8 ±0.1 0.9 ±0.1 0.6 ±0 .3 0.8 ±0.1 0.6 ±0 .0 0.9 ±0.1
Serine 2.4 ±0 .6 2.4 ±0 .4 1.3 ± 0 .8 2.9 ±0 .6 3.1 ±0 .2 2.8 ±0 .3 4.9 ±0 .7 3.2 ±0 .4 3.0 ±0 .6
Threonine 2.5 ±0 .3 1.3 ±0 .4 1.2 ±0 .5 6.4 ±1 .9 1.9 ±0 .2 1.8 ±0 .3 3.3 ±0 .2 2.0 ±0 .2 1.9 ±0 .4
Tryptophan 0.7 ±0.1 1.1 ±0 .6 3.0 ± 0 .7 0.0 ±0 .0 1.0 ±0 .2 0.6 ±0 .2 0.0 ±0 .0 0.7 ±0 .3 0.5 ±0 .2
Tyrosine 0.5 ±0.1 0.4 ±0 .0 0.4 ±0 .2 0.4 ±0.1 0.8 ±0 .0 0.5 ±0 .2 0.4 ±0 .0 0.3 ±0 .0 0.6 ±0 .2
Valine 1.8 ±0 .3 2.0 ±0 .3 1.0 ± 0 .5 1.9 ±0 .2 2.3 ±0 .4 1.4 ±0.1 3.3 ±0 .5 3.2 ±0 .4 1.9 ±0 .3

TFAA 70.6 ±7 .8 74.3 ± 6.5 63.3 ±1 .2 89.0 ± 3.5 82.4 ±3 .2 61.2 ±8 .5 105.7 ±10 .2 61.4 ±3 .4 74.3 ±10 .6

Soil core 
mass (g)

419 ± 17 422 ± 9 436 ±1 9 403 ±31 417 ± 8 398 ± 8 287 ±11 289 ± 7 294 ± 1 0

TFAA = total free amino acid concentration (sum of the 18 amino acids).



Table 2.15 continued.

W HITE SPRUCE BLACK SPRUCE
Amino acid June August September June August September
Alanine 17.3 ±2 .3 14.4 ±2 .5 12.6 ±0 .9 16.6 ±0 .6 11.6 ±1 .6 11.8 ± 1.9
Arginine 4.6 ± 0 .6 2.8 ±0 .4 2.8 ±0 .6 3.5 ±1 .3 2.8 ±0 .2 2.3 ±0 .3
Asparagine 8.4 ±2.1 7.2 ±1.1 10.1 ± 1 .5 8.7 ±0 .7 5.7 ±0 .8 5.4 ±1.1
Aspartic acid 17.2 ±1 .9 10.8 ± 0.7 11.7 ±1 .0 14.8 ±0 .3 7.8 ±1.1 9.2 ±2 .4
Glutamic acid 26.4 ±3 .0 15.3 ±1 .2 17.9 ±1 .7 23.7 ±1 .3 16.9 ± 1.0 20.4 ±2 .5
Glutamine 15.7 ±4 .2 9.2 ±3 .6 18.4 ±0 .5 31.3 ±4 .3 23.8 ±6 .3 31.5 ±6 .9
Glycine 3.0 ± 0 .2 2.6 ±0.1 1.6 ±0 .2 1.7 ±0.1 1.3 ±0 .2 1.2 ± 0.4
Histidine 12.8 ±1 .4 9.7 ±3 .2 8.4 ±1.1 12.9 ±0 .6 9.6 ±1 .4 9.8 ±1.1
Isoleucine 1.8 ± 0.1 1.4 ±0.1 1.0 ±0.1 1 .0± 0 .1 0.7 ±0.1 0.7 ±0.1
Leucine 0.7 ±0 .2 0.5 ± 0 .0 0.9 ± 0 .2 0.9 ±0 .2 0.7 ±0.1 0.8 ±0.1
Lysine 0.2 ± 0 .2 0.2 ±0 .2 0.5 ± 0 .3 0.0 ±0 .0 0.1 ± 0 .0 0.5 ±0 .2
Methionine 0.1 ±0 .0 0.2 ±0 .0 0.2 ±0 .0 0.1 ±0.1 0.1 ±0 .0 0.2 ±0.1
Phenylalanine 0.9 ±0.1 0.6 ±0.1 0.8 ±0.1 0.8 ±0 .2 0.6 ±0 .0 0.6 ±0 .2
Serine 5.6 ± 0 .4 4.9 ± 0 .4 2.7 ±0 .2 4.2 ± 0 .6 2.8 ±0 .2 2.8 ±0 .4
Threonine 2.9 ± 0 .3 2.3 ±0.1 1.6 ±0.1 2.5 ±0 .2 1.2 ±0.1 1.0 ±0.1
Tryptophan 0.2 ±0.1 0.5 ±0 .0 0.9 ±0 .2 0.3 ±0 .2 0.4 ±0 .0 0.3 ±0 .2
Tyrosine 0.4 ±0.1 0.4 ±0 .0 0.6 ±0.1 0.4 ±0.1 0.3 ± 0.1 0.3 ±0.1
Valine 3.5 ±0.1 3.2 ±0 .3 1.7 ±0 .2 1.7 ±0.1 1.4 ±0.1 0.8 ±0.1

TFAA 121.7 ± 13.7 86.4 ±11 .8 94.5 ±4 .8 125.0 ±4 .9 88.0 ±11.1 99.6 ±16.3

Soil core 
mass (g)

163 ± 2 2 153 ±2 0 130 ± 2 79 ± 1 3 70 ± 1 3 63 ± 1 0

TFAA = total free amino acid concentration (sum of the 18 amino acids).



Table 2.16 Comparison o f soil amino acid composition and total free amino acid concentration in this and previously 
published studies. For comparability, studies were limited to those that examined water or weak salt extracts of soil or soil 
pore water. Individual amino acid composition is the proportion of the total free amino acid concentration (%) and rank (1- 
18). Bold indicates proportions greater than 5.6% (value if  all 18 amino acids were found in equal proportion).

A m ino acid

Agricultural,
O ntario ,

C an ad a 3

Rhizosphere
soil

C alluna
heath land ,

E ng land6

A 0  A1

C allun a
hea th land ,

E n g la n d 0

Litter 0 -5  cm

Arctic
tundra,

A la sk a d

O rgan ic  

0 -1 0  cm

U nim proved
grass lan d ,

E n g la n d 6

O rgan ic  

0 -1 0  cm

Boreal 
forest, 

S w e d e n f 

M or 

0 -7  cm

Forest,
northern

C alifo rn ia9

O a

Fertilized  

grassland, 

W a le s h 

Ah  

0 -1 5  cm

Boreal
forest,

A laska'

0 -2 0  cm

A lanine 9.7 (6) 21.8(1) 8 .4(3) 16.5 (2) 17.2 (2) 1.3  (1 2 ) 3 .5  (5 ) 13.9 (2) 4 .5  (9) 14.1 (2) 12.4 (3)
Arginine tr (1 6 ) 17.5 (3) 52.5 (1) 8.0 (5) 7.3 (6) 14.8 (2) 24.3 (3) 7.6 (6) 8.7 (5) 6.2 (8) 4 .0  (7 )

A sparagine 18.3 (1) 1 .9  (1 1 ) 8.4 (5) 18.4 (2) 4 .9  (1 1 ) 9.3 (5)
A spartic  acid 10.4 (4) 7.5 (5) 2 .4  (9 ) 4 .3  (8 ) 5 .4  (7 ) 13.9 (4) 1.1 (1 1 ) 5 .5  (8 ) 11.6 (4)
G lutam ic acid 10.0 (5) 20.9 (2) 13.6 (2) 11.5 (3) 10.0 (5) 9.2 (5) 1.7 (1 0 ) 14.8 (3) 16.9 (1) 19.9 (1)
G lutam ine 4 .6  (8) 2 .8  (8 ) 18.1 (1) 17.3 (2)
G lycine 11.9 (3) 5 .4  (6 ) 3 .0  (6 ) 6.5 (6) 11.7 (3) 22.7 (1) 3 .6  (4 ) 8.9 (4) 9.5 (4) 7.3 (7) 2 .6  (1 1 )

Histidine 2 .4  (1 0 ) 27.7 (1) 21.5 (1) 24.3 (2) 6.9 (6) 5 .3  (1 0 ) 7.3 (6)
Isoleucine 1 .5  (14 ) 1.7 (1 0 ) 0 .6  (1 2 ) 1 .9  (1 1 ) 2 .0  (1 1 ) 1 .0  (1 3 ) 0 .9  (1 2 ) 5 .3  (9 ) 1.4 (1 2 )

Leucine 1 .8  (1 2 ) 4 .6  (7 ) 2 .6  (7 ) 5 .3  (7 ) 5 .2  (8 ) 4 .2  (7 ) 2 .5  (7 ) 0 .8  (1 3 ) 8.5 (4) 1.3 (1 3 )

Lysine 0 .8  (1 5 ) 2 .5  (9 ) 6.0 (4) 3 .4  (9 ) 3 .9  (9 ) 2 .3  (9 ) 28.9 (1) 6.4 (7) 1.7  (1 4 ) 0 .8  (1 6 )

M ethionine tr (1 7 ) 2 .3  (1 0 ) 2 .0  (8 ) 0.1 (1 5 ) 0 .6  (1 5 ) 0 .5  (1 8 )

P henyla lan ine 1 .6  (1 3 ) 0 .0 ( 1 2 )  1 .8 ( 1 0 ) 1.1 (1 2 ) 1 .2  (1 2 ) 0 .8  (1 3 ) 1 .0  (1 2 ) 0 .3  (1 4 ) 3 .7  (1 2 ) 0 .9  (1 5 )

Serine 16.1 (2) 14.2 (4) 5.9 (5) 9.7 (4) 11.3 (4) 14.4 (3) 3 .5  (6 ) 10.5 (3) 19.3 (1) 9.6 (3) 3 .8  (8 )

Threon ine 5.9 (7) w /S e r w /S e r tr (1 4 ) tr (1 4 ) 8.5 (6) w /G ly w /G ly 7.3 (6) 2 .7  (9 )

Tryptophan 0.1 (1 6 ) 1.0 (1 4 )

Tyrosine 1 .9  (1 1 ) 0 .7  (1 1 ) 2 .5  (8 ) 0 .7 ( 1 3 )  0 .9 ( 1 3 ) 0 .7  (1 4 ) 2 .0  (1 0 ) 2 .6  (1 3 ) 0 .6  (1 7 )

V a lin e 3 .2  (9 ) 3 .2 ( 8 )  0 .9 ( 1 1 ) 3 .4  (1 0 ) 2 .2  (1 0 ) 0 .8  (1 3 ) 1 .8  (9 ) 1 .5  (1 1 ) 8.4 (5) 2 .6  (1 0 )

T F A A  concentration 4 7 2 1 a 1 5 2 1 A 1 28 6 a 5 7 0 9 a 1 9 3 3 a 2 3 6 0 a 1 0 0 4 0 a 1 8 7 8 a 2 5 0 b

CQOCD 1 75 2 a

T F A A  conc. range 2 2 2 0 -7 2 2 1A 1 5 7 0 -8 2 9 0 a 4 7 7 7 -2 0 9 4 3 a 11 5 8 -2 3 0 5 a 3 3 -4 7 5 b 3 7 0 -9 0 9 8 3 8 6 -5 2 3 6 a

T F A A  = total free am ino acid concentra tion  (sum  of all am ino  acids), tr = trace  am o unt detected . w /S e r, w /G ly  = am ino  acid is com bined with serine  or glycine value.

A T F A A  concentration exp ressed  as  ng N g '1 dry soil. B T F A A  concentra tion  exp ressed  as ng N m L '1 soil pore w ater.

alvarson & Sow den, 1969; bR ea d  & B ajw a, 1985; cA buarghub & R e a d , 1988b ; dK ielland, 1995; aN ettleton , 2 0 0 0 ; fNordin e ta l . ,  2001 ; 9Y u e t a l . ,  2 00 2 ; hJ o n e s e ta l . ,  2 00 5 a ;  

'this study, W erd in -P fis terer e t a l., 2 0 0 6 .
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Appendix 2.1 Chemical analysis by HPLC.

Gilson HPLC system (Gilson Inc.. Middleton. WI. USA):
Two 306 pumps, 811C dynamic mixer, 832 temperature regulator with thermostatic 
sampling rack (cooled to 4°C), 234 autoinjector, Gilson Unipoint system software 
(Version 1.65).

HPLC column:
Adsorbosphere OPA-HS 5 //m column (100 x 4.6 mm) (Alltech Associates, Inc., 
Deerfield, IL, USA). Adsorbosphere OPA 5 //m guard column (7.5 x 4.6 mm).

Fluorescence detector:
FD-100 filter fluorescence detector (Groton Technology Inc./SpectroVision, Acton, 
MA, USA). 326 nm excitation filter, 470 nm emission filter, pulsed xenon lamp, 24 
//L flow cell. Settings: frequency = 30 Hz, range — 1, response = 2.0 sec, autozero — 
10%.

Solvent system:
35 mM sodium acetate (pH 5.7) with 4%  tetrahydrofuran, and HPLC grade 
methanol. Flow rate was 1.5 mL m in '1. Solvent gradient was a linear increase from 
10% to 65% methanol over 30 min, a 5 min plateau at 65% methanol, followed by 5 
min o f 90% methanol to flush column of impurities. All solvents were filtered 
through a 0.45 /urn nylon filter and degassed with helium.

Chemical reagents:
Borate buffer: 0.4 M potassium tetraborate (pH 9.5). Phosphate buffer: 0.4 M 
monopotassium phosphate (pH 4.3). OPA reagent: 50 mg o-pthalaldehyde crystals 
dissolved in 1.25 mL methanol, added 11.2 mL borate buffer and 50 //L 2- 
mercaptoethanol. Brij solution: 0.3 g Brij detergent dissolved in 14 mL borate 
buffer, added 1 mL nanopure water. All solutions were stored in a refrigerator. OPA 
reagent vial was covered with aluminum foil. Prepared a fresh 1:1 OPA:Brij solution 
daily.

Automated OPA derivatization:
200 //L o f a 1:1 OPA:Brij solution was mixed with 100 //L sample and allowed to 
react for 1 min 55 sec. The derivatization reaction was terminated with the addition 
o f 490 juL 0.4 M monopotassium phosphate buffer, and the mixture injected into the 
HPLC after an additional 2 min 55 sec.
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Appendix 2.2 Statistical analysis of differences among the successional stages for soil
amino acid proportions (%). Bold indicates statistical significance at the p < 0.05 level.

Amino acid 
proportion Effect tested Tr.

Num.
DF

Den.
DF F P

Successional stage 4 10 12.94 0.0006
Month 2 116 20.41 <0.0001

Alanine Successional stage * Month 3 8 116 2.89 0.0057
Tree - Shrub contrast 1 10 27.74 0.0004
Coniferous - Deciduous contrast 1 10 14.13 0.0037
Successional stage 4 10 6.48 0.0077
Month 2 106 1.76 0.1768

Asparagine Successional stage * Month 3 8 106 5.13 <0.0001
Tree - Shrub contrast 1 10 13.05 0.0047
Coniferous - Deciduous contrast 1 10 11.54 0.0068
Successional stage 4 10 13.55 0.0005
Month 2 116 7.31 0.0010

Aspartic acid Successional stage * Month 3 8 116 3.11 0.0032
Tree - Shrub contrast 1 10 2.38 0.1537
Coniferous - Deciduous contrast 1 10 0.02 0.9037
Successional stage 4 10 4.90 0.0189
Month 2 112 7.54 0.0008

Glutam ic acid Successional stage * Month 3 8 112 3.68 0.0008
Tree - Shrub contrast 1 10 12.66 0.0052
Coniferous - Deciduous contrast 1 10 0.26 0.6223
Successional stage 4 10 19.40 0.0001
Month 2 110 50.49 <0.0001

Glutamine Successional stage * Month 3 8 110 2.96 0.0049
Tree - Shrub contrast 1 10 3.81 0.0794
Coniferous - Deciduous contrast 1 10 5.36 0.0432
Successional stage 4 10 13.64 0.0005
Month 2 100 4.93 0.0090

Histidine Successional stage * Month 3 8 101 2.76 0.0085
Tree - Shrub contrast 1 10 33.44 0.0002
Coniferous - Deciduous contrast 1 10 41.20 <0.0001
Successional stage 4 10 13.06 0.0006

Sum of six Month 2 107 5.62 0.0048
dom inant Successional stage * Month 3 8 107 4.59 <0.0001

amino acids Tree - Shrub contrast 1 10 20.15 0.0012
Coniferous - Deciduous contrast 1 10 35.69 0.0001

Tr. = transformation used: 3 = arcsine square root transformed.
Num. DF = numerator degrees of freedom.
Den. DF = denominator degrees of freedom.
Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, 

and histidine.
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Appendix 2.3 Statistical analysis of differences among the successional stages for
soil amino acid concentrations on a soil mass basis (ng N g’1 dry soil). Bold indicates
statistical significance at the p < 0.05 level.

Amino acid Num. Den.
concentration Effect tested Tr. DF DF F P

Successional stage 4 10 41.20 <0.0001
Month 2 120 7.63 0.0008

Alanine Successional stage * Month 2 8 120 3.44 0.0013
Tree - Shrub contrast 1 10 109.88 <0.0001
Coniferous - Deciduous contrast 1 10 146.55 <0.0001
Successional stage 4 10 15.21 0.0003
Month 2 104 3.69 0.0282

Asparagine Successional stage * Month 2 8 104 4.96 <0.0001
Tree - Shrub contrast 1 10 31.83 0.0002
Coniferous - Deciduous contrast 1 10 53.46 <0.0001
Successional stage 4 10 44.00 <0.0001
Month 2 115 7.86 0.0006

Aspartic acid Successional stage * Month 2 8 115 1.51 0.1602
Tree - Shrub contrast 1 10 118.42 <0.0001
Coniferous - Deciduous contrast 1 10 160.89 <0.0001
Successional stage 4 10 52.80 <0.0001
Month 2 119 12.76 <0.0001

G lutam ic acid Successional stage * Month 2 8 119 3.61 0.0009
Tree - Shrub contrast 1 10 142.97 <0.0001
Coniferous - Deciduous contrast 1 10 175.07 <0.0001
Successional stage 4 10 38.94 <0.0001
Month 2 117 28.00 <0.0001

Glutamine Successional stage * Month 2 8 117 5.77 <0.0001
Tree - Shrub contrast 1 10 39.70 <0.0001
Coniferous - Deciduous contrast 1 10 109.42 <0.0001
Successional stage 4 10 35.68 <0.0001
Month 2 106 10.67 <0.0001

Histidine Successional stage * Month 2 8 106 5.97 <0.0001
Tree - Shrub contrast 1 10 92.69 <0.0001
Coniferous - Deciduous contrast 1 10 119.71 <0.0001
Successional stage 4 10 53.37 <0.0001

Total free 
amino acid

Month 2 117 7.33 0.0010
Successional stage * Month 2 8 117 2.78 0.0076
Tree - Shrub contrast 1 10 123.15 <0.0001
Coniferous - Deciduous contrast 1 10 188.09 <0.0001

Tr. = transformation used: 2 = log transformed.
Num. DF = numerator degrees of freedom.
Den. DF = denominator degrees of freedom.
Total free amino acid = sum of concentrations for the 18 amino acids.
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Appendix 2.4 Spearman correlation matrix for soil properties and soil amino acid 
concentrations. First value is the correlation coefficient, second value is the p value, and 
third value is the sample size. Soils are from the September soil sampling, all 
successional stages combined. Bold indicates [correlation coefficient! — 0.7000. 
Continued on the next page.

Amino acid 
concentration 

(ng N g '1 dry soil)

Gravimetric
moisture
content

(%)

Bulk 
density 
(g cm'3) pH % C % N C:N

C pool 

(g C m’2)

N pool
(g N m*2)

0.5910 -0.8795 -0.8320 0.8489 0.8340 0.6879 0.6043 0.3639
Alanine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.5349 -0.5642 -0.5620 0.5558 0.5320 0.6155 0.2696 0.0373
Arginine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0032 0.6881

120 120 118 118 118 118 118 118

0.5035 -0.8409 -0.7889 0.8358 0.8193 0.6238 0.6170 0.3962
Asparagine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.5043 -0.8124 -0.7575 0.7711 0.7561 0.6274 0.5779 0.3549
Aspartic acid <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.5631 -0.9009 -0.8588 0.9156 0.9005 0.6533 0.6674 0.4316
Glutamic acid <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.7045 -0.8378 -0.7559 0.7587 0.7425 0.6989 0.4688 0.2185
Glutamine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0175

120 120 118 118 118 118 118 118

0.5238 -0.6871 -0.6963 0.7138 0.7276 0.4901 0.5403 0.3792
Glycine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.5523 -0.8214 -0.8148 0.8901 0.8785 0.6457 0.6664 0.4373
Histidine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.4974 -0.7581 -0.8015 0.8326 0.8208 0.6204 0.6200 0.3998
Isoleucine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.5070 -0 .7 2 7 6 -0.6751 0.6974 0.6748 0.6160 0.4246 0.2030
Leucine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0274

120 120 118 118 118 118 118 118
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Appendix 2.4 continued.

Amino acid 
concentration 

(ng N g '1 dry soil)

Gravimetric
moisture
content

(%)

Bulk 
density 
(g cm'3) pH % C % N C:N

C pool 
(g C m'2)

N pool 
(g N m'2)

-0.2575 0.0063 -0.1514 0.1315 0.1250 -0.0264 0.2649 0.3117
Lysine 0.0045 0.9459 0.1017 0.1559 0.1774 0.7769 0.0038 0.0006

120 120 118 118 118 118 118 118

0.2549 -0.2431 -0.2016 0.1911 0.1784 0.2306 0.1411 0.0643
Methionine 0.0050 0.0075 0.0286 0.0382 0.0533 0.0120 0.1274 0.4894

120 120 118 118 118 118 118 118

0.3705 -0.6591 -0.6703 0.6869 0.6535 0.5974 0.5355 0.3218
Phenylalanine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0004

120 120 118 118 118 118 118 118

0.5135 -0.7972 -0.7878 0.8817 0.8728 0.5614 0.6559 0.4561
Serine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.4422 -0.7179 -0.6972 0.7718 0.7758 0.5208 0.5913 0.4240
Threonine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.0438 -0.1323 -0.0694 0.0486 0.0237 0.1594 -0.0170 -0.0878
Tryptophan 0.6345 0.1498 0.4550 0.6016 0.7990 0.0846 0.8554 0.3443

120 120 118 118 118 118 118 118

0.2991 -0.5750 -0.5679 0.6027 0.5862 0.4494 0.4415 0.2970
Tyrosine 0.0009 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0011

120 120 118 118 118 118 118 118

0.4287 -0.8073 -0.7446 0.8270 0.8113 0.5554 0.6315 0.4357
Valine <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

0.6133 -0.8970 -0.8520 0.8816 0.8646 0.6953 0.6313 0.3844
TFAA <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

120 120 118 118 118 118 118 118

TFAA = total free amino acid concentration (sum of concentrations for the 18 amino acids).
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Appendix 2.5 Statistical analysis of differences among the successional stages for soil
amino acid concentrations on a soil area basis (mg N m‘2). Bold indicates statistical
significance at the p < 0.05 level.

Amino acid 
concentration Effect tested Tr.

Num.
DF

Den.
DF F P

Successional stage 4 10 6.59 0.0073
Month 2 121 16.48 <0.0001

Alanine Successional stage * Month 2 8 121 4.33 0.0001
Tree - Shrub contrast 1 10 20.50 0.0011
Coniferous - Deciduous contrast 1 10 20.04 0.0012
Successional stage 4 10 1.55 0.2621
Month 2 104 8.75 0.0003

Asparagine Successional stage * Month 2 8 104 5.63 <0.0001
Tree - Shrub contrast 1 10 0.37 0.5541
Coniferous - Deciduous contrast 1 10 0.02 0.9009
Successional stage 4 10 6.30 0.0085
Month 2 110 14.36 <0.0001

Aspartic acid Successional stage * Month 2 8 110 2.10 0.0416
Tree - Shrub contrast 1 10 10.84 0.0081
Coniferous - Deciduous contrast 1 10 9.45 0.0118
Successional stage 4 10 7.08 0.0057
Month 2 117 28.37 <0.0001

Glutamic acid Successional stage * Month 2 8 117 4.49 <0.0001
Tree - Shrub contrast 1 10 27.31 0.0004
Coniferous - Deciduous contrast 1 10 16.25 0.0024
Successional stage 4 10 9.44 0.0020
Month 2 113 27.61 <0.0001

Glutamine Successional stage * Month 2 8 113 4.79 <0.0001
Tree - Shrub contrast 1 10 0.22 0.6492
Coniferous - Deciduous contrast 1 10 7.61 0.0202
Successional stage 4 10 14.96 0.0003
Month 2 106 16.55 <0.0001

Histidine Successional stage * Month 2 8 106 5.09 <0.0001
Tree - Shrub contrast 1 10 38.30 0.0001
Coniferous - Deciduous contrast 1 10 44.87 <0.0001
Successional stage 4 10 4.63 0.0225

T n ta l frpp Month 2 120 18.62 <0.0001
1 u la i 11 cu

amino acid Successional stage * Month 2 8 120 3.33 0.0019
Tree - Shrub contrast 1 10 9.81 0.0107
Coniferous - Deciduous contrast 1 10 17.37 0.0019

Tr. = transformation used: 2 = log transformed.
Num. DF = numerator degrees of freedom.
Den. DF = denominator degrees of freedom.
Total free amino acid = sum of concentrations for the 18 amino acids.



Appendix 2.6 Statistical analysis o f differences between organic and mineral horizons for soil amino acid proportions (%) in
each successional stage. The willow stage is not shown because it has no organic horizons. Bold indicates statistical
significance at the p < 0.05 level.

A L D E R  B A L S A M  P O P L A R  W H IT E  S P R U C E  B LA C K  S P R U C E

A m ino acid N um . D en. Num . D en . N um . D en. Num . D en.
proportion Effect tested Tr. D F D F F P Tr. D F D F F P Tr. D F D F F P Tr. D F D F F P

H orizon 1 4 1 .1 5 0 .3 4 4 6 1 4 2 6 .2 3 0 .0 0 6 9 1 4 3 1 .2 9 0 .0 0 5 0 1 4 0 .6 9 0 .4 5 4 4

A lanine M onth 0 2 4 2 4.71 0 .0 1 4 2 3 2 51 5 .5 2 0 .0 0 6 7 3 2 4 7 1 .13 0 .3 3 1 5 0 2 35 1 .34 0 .2 7 5 4

Horizon * Month 2 4 2 1.91 0 .1 6 0 6 2 51 3 .0 8 0 .0 5 4 6 2 47 0 .4 8 0 .6 1 9 8 2 3 5 0 .0 8 0 .9 2 0 3

Horizon 1 4 0.11 0 .7 6 0 4 1 4 4 6 .0 4 0 .0 0 2 5 1 4 3 8 .5 5 0 .0 0 3 4 1 3 2 .9 9 0 .1 7 5 6

A sparag ine Month 2 2 39 5 .2 2 0 .0 0 9 8 3 2 4 3 3.31 0 .0461 3 2 51 4 .3 4 0 .0 1 8 3 0 2 41 5.31 0 .0 0 8 9

Horizon * Month 2 39 0 .1 0 0 .9 0 6 3 2 4 3 0 .9 2 0 .4 0 5 7 2 51 2 .9 8 0 .0 5 9 9 2 41 6 .3 3 0 .0 0 4 0

H orizon 1 4 9.99 0 .0 3 4 2 1 4 2 2 .2 9 0 .0 0 9 2 1 4 1 .1 7 0 .3 4 0 0 1 4 0 .3 4 0 .5 9 3 0

A spartic  acid M onth 0 2 3 8 1 .4 5 0 .2 4 7 9 3 2 5 4 1 2 .9 2 < 0 .0 0 01 3 2 51 3 .5 9 0 .0 3 4 7 0 2 39 3 .1 4 0 .0 5 4 4

Horizon * Month 2 38 4 .4 5 0 .0 1 8 5 2 54 3 .2 7 0 .0 4 5 8 2 51 1 .8 4 0 .1 7 0 0 2 39 5 .2 8 0 .0 0 9 3

H orizon 1 4 53.91 0 .0 0 1 8 1 4 3 4 .3 2 0 .0 0 4 2 1 4 7 .7 0 0 .0 5 0 6 1 4 1 .9 2 0 .2 3 7 6

G lutam ic  acid M onth 2 2 36 3 .5 3 0 .0 3 9 8 3 2 4 9 8 .5 3 0 .0 0 0 7 3 2 4 8 2 .2 3 0 .1 1 8 8 0 2 50 3 .9 4 0 .0 2 5 9

Horizon * Month 2 36 0 .1 2 0 .8 9 1 0 2 4 9 2 2 .3 9 < 0 .0 0 01 2 4 8 3 .6 3 0 .0 3 4 0 2 50 3 .4 8 0 .0 3 8 6

H orizon 1 4 1 4 8 .7 7 0 .0 0 0 3 1 4 6 2 .2 6 0 .0 0 1 4 1 4 7 .4 6 0 .0 5 2 5 1 4 1 2 .2 6 0 .0 2 5 3

G lutam ine Month 3 2 41 3 4 .8 6 < 0 .0 0 01 3 2 4 9 28.91 < 0 .0 0 01 3 2 4 7 2 5 .7 6 < 0 .0 0 01 0 2 4 2 6 .0 5 0 .0 0 5 0

Horizon * Month 2 41 0 .2 2 0 .8 0 3 2 2 4 9 2 .8 7 0 .0 6 6 2 2 4 7 0 .6 8 0 .5 0 9 4 2 4 2 0 .4 8 0 .6 2 21

H orizon 1 4 4 .3 6 0 .1 0 4 9 1 4 0 .0 5 0 .8 2 9 6 1 4 0 .1 2 0 .7 4 2 8 1 4 4 .9 7 0 .0 8 8 2

Histidine M onth 2 2 41 2.71 0 .0 7 8 4 3 2 4 3 8 .0 8 0 .0011 3 2 4 7 0 .2 5 0 .7 7 61 0 2 44 1 .2 3 0 .3 0 2 7

Horizon * Month 2 41 2 .7 4 0 .0 7 6 3 2 4 3 7 .7 8 0 .0 0 1 3 2 4 7 2 .1 3 0 .1 3 0 5 2 44 1 .2 5 0 .2 9 6 0

S um  of six H orizon 1 4 14.41 0 .0 1 9 2 1 4 0 .0 0 0 .9 6 4 5 1 4 0 .0 3 0 .8 6 6 7 1 4 5 .9 4 0 .0 7 2 6

dom inant M onth 3 2 3 9 1 .8 6 0 .1 6 9 9 3 2 51 2 0 .2 5 < 0 .0 0 0 1 3 2 50 1 6 .9 5 < 0 .0 0 01 0 2 37 2 .7 2 0 .0 7 9 3
am ino acids H orizon * Month 2 39 1.81 0 .1 7 6 7 2 51 4 .3 4 0 .0 1 8 2 2 50 0 .3 9 0 .6 8 1 0 2 37 2 .1 6 0 .1 2 9 8

Tr. = transform ation used: 0 = not transform ed, 2  =  log transfo rm ed, 3 = arcsine square  root transfo rm ed.

N um . D F  = num erato r degrees  o f freedo m .

D en. D F  = deno m inator degrees  of freedom .

S um  of six dom inant am ino  acids = sum  of proportions for a lan in e, asp arag ine , asp artic  acid, g lu tam ic  acid, g lutam ine, and histidine.



Appendix 2.7 Statistical analysis of differences between organic and mineral horizons for soil amino acid concentrations

A L D E R  B A L S A M  P O P L A R  W H IT E  S P R U C E  B LA C K  S P R U C E

(ng N g’1 dry soil) in each successional stage. The willow stage is not shown because it has no organic horizons. Bold
indicates statistical significance at the p < 0.05 level.

A m ino acid  

concentration E ffect tested Tr.

N um .
D F

D en .
D F F P Tr.

N um .
D F

D en .
D F F P Tr.

N um .
D F

D en.
D F F P Tr.

Num .
D F

D en.
D F F P

H orizon 1 4 6 1 .1 2 0 .0 0 1 5 1 4 8 7 .3 8 0 .0 0 0 7 1 4 1 2 5 .5 7 0 .0 0 0 4 1 4 1 3 .3 5 0 .0221

A lanine M onth 2 2 4 2 9.71 0 .0 0 0 3 2 2 4 4 6 .8 9 0 .0 0 2 5 2 2 43 0.82 0.4468 2 2 47 3 .7 2 0 .0 3 1 7

H orizon * Month 2 42 1.24 0.2992 2 44 1.87 0.1666 2 43 2.18 0.1252 2 47 0.49 0.6146

H orizon 1 4 5 9 .0 4 0 .0 0 1 5 1 4 6.68 0.0612 1 4 4 2 .0 4 0 .0 0 2 9 1 4 1 3 .3 2 0 .0 2 2 7

A sp arag ine M onth 2 2 41 8 .0 9 0 .0011 2 2 42 2.22 0.1212 2 2 45 2.78 0.0726 2 2 28 9 .1 5 0 .0 0 0 9

H orizon * Month 2 41 0.45 0.6424 2 42 1.54 0.2259 2 45 1.69 0.1960 2 28 4 .51 0 .0 1 9 9

H orizon 1 4 2 1 7 .3 5 0 .0001 1 4 1 1 9 .1 2 0 .0 0 0 4 1 4 1 1 1 .9 3 0 .0 0 0 5 1 4 3 5 .9 0 0 .0 0 4 4

A spartic  acid M onth 2 2 4 5 8.21 0 .0 0 0 9 2 2 4 5 3 .8 8 0 .0 2 7 9 2 2 51 4 .1 0 0 .0 2 2 3 2 2 50 3 .7 7 0 .0 2 9 9

H orizon * Month 2 45 0.92 0.4051 2 45 1.54 0.2259 2 51 0.65 0.5252 2 50 0.45 0.6382

H orizon 1 4 3 1 4 .1 8 < 0 .0 0 01 1 4 1 1 3 .6 5 0 .0 0 0 4 1 4 8 4 .6 0 0 .0 0 0 8 1 4 3 2 .5 3 0 .0 0 4 8

G lutam ic acid M onth 2 2 41 3 .3 7 0 .0 4 4 3 2 2 4 4 1 4 .9 4 < 0 .0 0 01 2 2 43 3.00 0.0604 2 2 4 4 5 .4 6 0 .0 0 7 6

H orizon * Month 2 41 2.78 0.0739 2 44 2.31 0.1113 2 43 2.57 0.0882 2 44 0.85 0.4326

H orizon 1 4 3 4 .6 4 0 .0 0 4 2 1 4 1 0 .3 6 0 .0 3 2 3 1 4 1 5 .4 2 0 .0 1 7 0 1 4 2 0 .7 3 0 .0 1 0 7

G lutam ine M onth 2 2 44 0.69 0.5078 2 2 4 3 1 7 .2 6 < 0 .0 0 01 2 2 4 3 1 1 .2 2 0 .0001 2 2 37 2.90 0.0675

H orizon * Month 2 44 1.89 0.1624 2 43 0.30 0.7421 2 43 0.06 0.9458 2 37 0.34 0.7172

H orizon 1 4 1 54 .61 0 .0 0 0 2 1 4 7 9 .9 8 0 .0 0 0 9 1 4 1 8 .4 6 0 .0 1 2 7 1 4 2 8 .9 6 0 .0 0 5 9

Histidine M onth 2 2 4 6 7 .2 5 0 .0 0 1 8 2 2 4 3 12.11 < 0 .0 0 01 2 2 38 1.86 0.1698 2 2 4 6 5 .5 9 0 .0 0 6 7

H orizon * Month 2 4 6 6 .0 3 0 .0 0 4 8 2 43 2.30 0.1130 2 38 3 .9 9 0 .0 2 6 7 2 46 1.89 0.1620

H orizon 1 4 2 2 5 .9 9 0 .0001 1 4 1 1 6 .0 3 0 .0 0 0 4 1 4 1 0 0 .9 6 0 .0 0 0 6 1 4 3 5 .2 6 0 .0 0 4 2
Total free  

am ino acid M onth 2 2 4 4 1 1 .5 0 < 0 .0 0 01 2 2 4 2 9 .0 5 0 .0 0 0 5 2 2 43 1.88 0.1657 2 2 4 8 4 .4 7 0 .0 1 6 7

H orizon * Month 2 4 4 5.01 0 .0 1 1 0 2 42 0.93 0.4041 2 43 2.89 0.0666 2 48 0.14 0.8712

Tr. = transform ation used: 2 =  log transform ed.

N um . D F  = nu m erato r degrees  of freedo m .

D en. D F  = deno m inator degrees  of freedom .

Total free  am ino  acid = sum of concentrations for the 18 am ino  acids.
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Appendix 2.8 Statistical analysis of differences among months for soil amino
acid proportions (%) in each successional stage. Bold indicates statistical
significance at the p < 0.05 level.

Successional Amino acid Num. Den.
stage proportion Tr. DF DF F P

Alanine 3 2 6 8.51 0.0177
Asparagine 0 2 6 0.73 0.5194
Aspartic acid 3 2 6 0.70 0.5341

Willow Glutamic acid 0 2 6 1.18 0.3686
Glutamine 3 2 6 2.92 0.1298
Histidine 0 2 6 0.35 0.7180
Sum of six dominant 3 2 6 0.64 0.5591
Alanine 0 2 6 2.96 0.1278
Asparagine 0 2 6 6.95 0.0275
Aspartic acid 3 2 6 3.26 0.1102

Alder Glutam ic acid 0 2 6 0.71 0.5300
Glutamine 3 2 6 8.05 0.0200
Histidine 3 2 6 0.54 0.6088
Sum of six dominant 0 2 6 1.08 0.3985
Alanine 0 2 6 8.28 0.0190
Asparagine 0 2 6 0.75 0.5118
Aspartic acid 3 2 6 20.65 0.0021

Balsam poplar Glutam ic acid 0 2 6 3.02 0.1241
Glutamine 3 2 6 13.47 0.0061
Histidine 3 2 6 4.91 0.0546
Sum of six dominant 0 2 6 2.58 0.1552
Alanine 0 2 6 2.15 0.2008
Asparagine 0 2 6 4.06 0.0773
Aspartic acid 3 2 6 0.80 0.4937

White spruce Glutamic acid 0 2 6 2.16 0.1976
Glutamine 3 2 6 8.36 0.0184
Histidine 3 2 6 0.31 0.7430
Sum of six dominant 3 2 6 8.63 0.0172
Alanine 0 2 6 1.21 0.3615
Asparagine 3 2 6 0.95 0.4390
Aspartic acid 3 2 6 5.77 0.0401

Black spruce Glutam ic acid 0 2 6 0.48 0.6414
Glutamine 0 2 6 1.16 0.3762
Histidine 3 2 6 0.34 0.7269
Sum of six dominant 3 2 6 0.60 0.5778

Tr. = transformation used: 0 = not transformed, 3 = arcsine square root transformed.
Num. DF = numerator degrees of freedom.
Den. DF = denominator degrees of freedom.

Sum of six dominant = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine.



84

Appendix 2.9 Statistical analysis of differences among months for soil amino
acid concentrations on a soil mass basis (ng N g"1 dry soil) in each successional
stage. Bold indicates statistical significance at the p < 0.05 level.

Successional Amino acid Num. Den.
stage concentration Tr. DF DF F P

Alanine 1 2 6 4.55 0.0628
Asparagine 0 2 6 1.09 0.3961
Aspartic acid 2 2 6 1.28 0.3451

Willow Glutamic acid 2 2 6 0.75 0.5128
Glutamine 2 2 6 0.25 0.7868
Histidine 1 2 6 1.12 0.3858
TFAA 2 2 6 0.68 0.5421
Alanine 1 2 6 2.13 0.2007
Asparagine 2 2 6 5.69 0.0417
Aspartic acid 2 2 6 2.80 0.1389

Alder Glutam ic acid 2 2 6 0.48 0.6403
Glutamine 2 2 6 4.94 0.0544
Histidine 1 2 6 1.55 0.2859
TFAA 2 2 6 3.47 0.0999
Alanine 1 2 6 5.87 0.0387
Asparagine 2 2 6 1.55 0.2868
Aspartic acid 2 2 6 2.23 0.1892

Balsam poplar Glutamic acid 2 2 6 4.94 0.0540
Glutamine 2 2 6 12.58 0.0072
Histidine 2 2 6 7.76 0.0218
TFAA 2 2 6 4.19 0.0726
Alanine 2 2 6 0.49 0.6373
Asparagine 2 2 6 1.86 0.2349
Aspartic acid 2 2 6 2.57 0.1571

White spruce Glutamic acid 2 2 6 1.80 0.2444
Glutamine 2 2 6 6.01 0.0369
Histidine 2 2 6 0.23 0.8001
TFAA 2 2 6 1.13 0.3845
Alanine 1 2 6 0.14 0.8685
Asparagine 2 2 6 0.14 0.8714
Aspartic acid 2 2 6 0.55 0.6046

Black spruce Glutamic acid 2 2 6 0.26 0.7769
Glutamine 2 2 6 0.40 0.6852
Histidine 2 2 6 0.06 0.9456
TFAA 2 2 6 0.13 0.8785

Tr. = transformation used: 0 = not transformed, 1 = square root transformed, 2 = log transformed. 
Num. DF = numerator degrees of freedom.
Den. DF = denominator degrees of freedom.

TFAA = total free amino acid concentration (sum of concentrations for the 18 amino acids).
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Appendix 2.10 Statistical analysis of differences among months for soil amino
acid concentrations on a soil area basis (mg N m' ) in each successional stage.
Bold indicates statistical significance at the p < 0.05 level.

Successional Am ino acid Num. Den.
stage concentration Tr. DF DF F P

Alanine 2 2 6 5.76 0.0405
Asparagine 0 2 6 1.22 0.3583
Aspartic acid 2 2 6 1.60 0.2769

Willow Glutam ic acid 2 2 6 0.85 0.4733
Glutamine 2 2 6 0.74 0.5159
Histidine 0 2 6 0.59 0.5817
TFAA 1 2 6 0.83 0.4817
Alanine 1 2 6 3.88 0.0832
Asparagine 1 2 6 7.46 0.0240
Aspartic acid 2 2 6 3.77 0.0873

Alder Glutam ic acid 2 2 6 1.23 0.3557
Glutamine 2 2 6 2.70 0.1459
Histidine 1 2 6 1.49 0.2981
TFAA 1 2 6 6.11 0.0360
Alanine 1 2 6 5.84 0.0394
Asparagine 1 2 6 1.67 0.2664
Aspartic acid 2 2 6 2.49 0.1647

Balsam poplar Glutam ic acid 2 2 6 6.00 0.0372
Glutamine 2 2 6 13.56 0.0061
Histidine 2 2 6 8.82 0.0164
TFAA 1 2 6 5.62 0.0426
Alanine 2 2 6 2.13 0.2005
Asparagine 2 2 6 1.30 0.3392
Aspartic acid 2 2 6 7.27 0.0249

White spruce Glutamic acid 2 2 6 10.85 0.0102
Glutamine 1 2 6 3.74 0.0880
Histidine 2 2 6 1.01 0.4188
TFAA 1 2 6 3.68 0.0907
Alanine 2 2 6 3.03 0.1235
Asparagine 2 2 6 2.10 0.2049
Aspartic acid 2 2 6 4.11 0.0751

Black spruce Glutam ic acid 2 2 6 3.95 0.0808
Glutamine 1 2 6 0.74 0.5180
Histidine 2 2 6 2.33 0.1783
TFAA 1 2 6 2.48 0.1637

Tr. = transformation used: 0 = not transformed, 1 = square root transformed, 2 = log transformed. 
Num. DF = numerator degrees of freedom.

Den. DF = denominator degrees of freedom.
TFAA = total free amino acid concentration (sum of concentrations for the 18 amino acids).
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CHAPTER 3:

AMINO ACID DISTRIBUTION IN BURIED ORGANIC HORIZONS OF BOREAL

FOREST FLOODPLAIN SOILS2

A b s t r a c t

I examined the composition and concentration of soil amino acids with depth in 

the soil profile, with emphasis on the buried organic horizons (BOHs) commonly found 

in floodplain soils. Soils from the mid-successional stages of balsam poplar and white 

spruce on the Tanana River floodplain in interior Alaska were separated into successive 

forest floor (Oe/Oa), BOHs, and mineral horizons; and water-extractable amino acid 

composition and concentration were determined by HPLC. The number, depth, and 

thickness of BOHs were highly variable across the landscape and among replicates of the 

same stand type, reflecting differences in terrace age, flood frequency, flood intensity, 

river channel position, vegetation inputs, and decomposition. BOHs generally had lower 

pH and bulk density, higher moisture content, and greater concentrations of carbon, 

nitrogen, and roots than the surrounding mineral horizons. In each horizon of both 

successional stages, the soil amino acid pool was dominated by glutamic acid, glutamine, 

alanine, asparagine, aspartic acid, and histidine, which together accounted for 

approximately 80% of the total amino acids found. Despite the similar overall amino acid 

composition among the horizons, proportions of glutamine generally increased with 

depth and were higher in the mineral horizons than in the BOHs of both successional 

stages. In addition, the composition of the amino acid pool in balsam poplar organic 

horizons (Oe/Oa and BOHs) was more diverse and contained a larger proportion of non

polar amino acids than in the balsam poplar mineral horizons and the white spruce soils. 

In both successional stages, amino acid concentrations were nearly always highest in the 

Oe/Oa horizon and rapidly decreased with depth. BOHs generally had greater amino acid

2 Werdin-Pfisterer, N.R., Kielland, K., Boone, R.D. Amino acid distribution in buried 
organic horizons of boreal forest floodplain soils. Prepared for submission in Soil Science 
Society of America Journal.
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concentrations than the surrounding mineral horizons in both successional stages, but 

amino acid concentrations in successive BOHs declined with depth in the soil profde, 

suggesting that although BOHs do remain as biological hot spots and potential nutrient 

reserves, their importance declines over time.

I n t r o d u c t io n

Soil formation on the Tanana River floodplain is governed by fluvial processes 

whereby floods from spring snowmelt, summer rains, and glacial runoff deposit silt that 

forms terraces of increasing height over time (Van Cleve et al., 1993; Yarie et al., 1998). 

During primary succession, as vegetation cover increases and canopy closure occurs, 

litter inputs form an organic forest floor over the mineral alluvium parent material, and 

the forest floor accumulates to reach a maximum thickness in the late successional stages 

(Viereck et al., 1993a). Organic horizons have a biological origin from plant inputs and 

microbial activity, whereas the mineral horizons have a physical origin from fluvial 

deposition of glacial silt (Van Cleve et al., 1991).

An unique feature of floodplain soils are buried organic horizons (BOHs), created 

when floods deposit new alluvium on top of the existing forest floor. The resultant 

alternating bands of organic and mineral soils within the soil profile have different 

chemical and physical characteristics (Van Cleve et al., 1993, 1996; Yarie et al., 1998). 

BOHs are zones of higher root concentration than mineral horizons (Van Cleve et al., 

1993; Ruess et al., 2006), suggesting that they are sites of more favorable nutrient supply 

(Van Cleve et al., 1993). BOHs have more constant temperature and moisture regimes 

than surface horizons, potentially favoring a higher, more sustained level of 

decomposition, nitrogen mineralization, and recycling of nutrients than surface soils (Van 

Cleve et al., 1993, 1996). In addition, BOHs serve as biotic and abiotic legacies of past 

fluvial events (such as flood return interval and flood intensity) and site history (e.g., 

decomposition rate, litter quantity and quality, and successional stage development). 

These differences in origin, temperature and moisture regimes, root and microbial
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activity, ecosystem processes, and site history may affect the composition and 

concentration of nutrients in the different horizons of the soil, and make the Tanana River 

floodplain soils ideal for exploring the physical and chemical differences in the forest 

floor, BOHs, and mineral horizons, as well as change over time with burial.

Soil amino acids are important sources of organic nitrogen to boreal forest plants 

(Lipson and Nasholm, 2001; Jones and Kielland, 2002; Kielland et al., in review). Here, I 

examine the distribution of soil amino acid composition and concentration with depth and 

assess differences among the forest floor, BOHs, and mineral soil. To date, few studies 

have examined the composition and concentration o f amino acids in different soil 

horizons, and to my knowledge, this is the first study to examine soil amino acid 

composition and concentration in BOHs. I predict that amino acid composition and 

concentration in the different horizons reflects the quantity and quality of aboveground 

litter inputs and utilization over time, where the forest floor is dominated by high 

concentrations o f both simple (e.g., aspartic and glutamic acid, glycine) and complex 

(e.g., arginine, histidine, phenylalanine) amino acids that originate from fresh litter 

inputs; whereas the BOHs and mineral soils have progressively lower amino acid 

concentrations with depth and contain a greater proportion of complex amino acids that 

remained in the soil after the uptake or decomposition of the simpler amino acids. To test 

these hypotheses, I investigated the distribution of BOHs in soil profiles, and differences 

in soil physicochemical properties, composition of the soil amino acid pool, and 

concentration of soil amino acids in the forest floor, BOHs, and mineral horizons in the 

top 20 cm of soil in balsam poplar and white spruce stands on the Tanana River 

floodplain.

M e t h o d s  

Study site

The study area was located on the Tanana River floodplain in the Bonanza Creek 

Long Term Ecological Research (LTER) site, 20 km southwest of Fairbanks, in interior
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Alaska (lat. 64°44’N, long. 148°15’W; elevation 120 m). Mean annual temperature is 

-3.3°C, mean annual precipitation is 269 mm yr'1, and the growing season is 100 days or 

less (Viereck et al., 1993b). The Tanana River, nearly 1000 km in length, is the largest 

tributary of the Yukon River (Collins, 1990) and carries a heavy silt load, with 85% of its 

discharge from glacier-fed tributaries originating in the Alaska Range (Anderson, 1970). 

The Tanana River floods frequently in the spring from snow and ice breakup and 

occasional ice jams; however spring floods are short in duration, are generally localized, 

and carry little sediment load. Major floods that produce overbank deposits with large 

sediment loads tend to occur in mid to late summer due to heavy rains and glacial runoff 

(Mason and Beget, 1991).

The study area represents a boreal forest primary successional sequence 

encompassing a natural gradient of terrace age, plant productivity, and soil 

physicochemical characteristics (Chapter 2). The five dominant successional stages 

include willow, alder, balsam poplar, white spruce, and black spruce. BOHs are most 

prevalent in the alder, balsam poplar, and white spruce stages. In this study, I focused on 

the balsam poplar and white spruce successional stages because they have several well 

developed BOHs and allowed for comparison between deciduous and coniferous forest 

types. The balsam poplar and white spruce successional stages were replicated three 

times, giving a total of three plots per successional stage along a 9 km stretch of the river 

(Figure 3.1). Replicated plots (900 m2) of each successional stage had a similar 

vegetative community, stand structure, and age, but captured the natural variability across 

the ecosystem.

Balsam poplar plots contained tall, mature Populus balsamifera trees and a dense 

shrub layer of thinleaf alder (Alnus tenufolia). The balsam poplar understory was 

dominated by orange-berry bastard toadflax (Geocaulon lividum) and horsetail 

(Equisetum arvense), but herbaceous species were fairly sparse due to the high litter 

cover. White spruce plots were characterized by large, mature Picea glauca trees and a 

dense tall shrub layer of rose (Rosa acicularis), Siberian and thinleaf alder (Alnus viridis 

subsp.fruticosa and A. tenufolia), and high-bush cranberry ( Viburnum edule). The white
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spruce understory was dominated by G. lividum, E. arvense, bunchberry (Cornus 

canadensis), the low shrub twinflower (Linnaea borealis), a thick layer of feather moss 

(Hylocomium splendens), and a large amount of dead wood.

Soils from both successional stages are alluvial and have coarse-loamy texture. 

Balsam poplar soils are classified as Fluvaquentic Cryaquepts and white spruce soils are 

Aquic Eutrocryepts (Ping and Johnson, 2000). Both soil types from the Tanana River 

floodplain are cold, wet, and poorly developed.

Soil sampling and processing

In early September of 2001,1 dug a 1-m deep soil pit within each balsam poplar and 

white spruce plot (six soil pits total) and recorded the depth and thickness of each horizon, 

and observed root concentration. I measured field temperature at the midpoint of each soil 

horizon within the top 20 cm with a thermometer probe. Using a stainless steel corer (5.8 

cm diameter x 20 cm depth), I obtained five soil cores from the undisturbed area directly 

behind the pit face and transferred them to the laboratory in an ice-filled cooler. In the 

laboratory, I separated sequential organic and mineral horizons in the 20 cm soil cores 

based on soil color and texture. Individual horizons from the five replicate 20 cm soil cores 

were pooled to acquire enough material for analyses. Roots and debris >1 mm in diameter 

were removed by hand, and soils were homogenized by mixing them inside a sterile 

polyethylene bag.

Chemical analysis

I extracted the soils with nanopure water and determined the concentration of 

individual amino acids in the soil extracts by HPLC as previously described (Chapter 2). 

Soil moisture content, bulk density, pH, and carbon (C) and nitrogen (N) concentrations 

were also determined using the methods previously described (Chapter 2).
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Presentation of results and statistical analysis

Due to the high variability in the number, depth, and thickness of individual 

BOHs, I first describe the soil properties, amino acid composition and concentration for 

the replicate plots of the balsam poplar and white spruce stands separately, with no 

statistical analysis. These descriptions allow comparisons among successive BOHs or 

mineral horizons to determine whether amino acid composition or concentration changes 

over time (with depth) within the soil profile.

Next, I combined the soil amino acid composition and concentration results from 

replicate plots of balsam poplar and white spruce stands and grouped them into three 

horizons: Oe/Oa, BOH, and mineral. Multiple BOHs or mineral horizons in the 0-20 cm 

depth in a plot were averaged together, so each plot had a single value for each of the 

three horizon categories. I examined differences in amino acid composition and 

concentration among the three horizons using a nested mixed model analysis (PROC 

MIXED, SAS version 8.2, SAS Institute Inc., Cary, NC, USA). Plot was treated as a 

nested and random factor, with each replicate plot and both successional stages used in 

the analysis (n = 6). Soil amino acid concentration data were log transformed to meet the 

assumptions o f normality and homoscedasticity (Zar, 1999), but amino acid composition 

data did not require transformation. Tukey-Kramer adjustments were employed to post- 

hoc significance tests to determine which of the three horizons were significantly 

different. Comparisons were deemed statistically significant when p values were < 0.05.

Finally, I tested relationships between soil properties and amino acid 

concentration with Spearman correlations (PROC CORR in SAS) using values for each 

horizon in both successional stages (n = 34). Absolute values of correlation coefficients > 

0.7000 with p values < 0.0001 were deemed as strongly correlated (Hatcher and 

Stepanski, 1994).
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R e s u l t s

Distribution of BOHs in soil profiles

Soil profiles from balsam poplar and white spruce plots demonstrated that the 

number, depth, and thickness of BOHs varied between the two successional stages and 

among the three replicate plots for each successional stage (Figures 3.2 and 3.3). There 

were 1-2 BOHs (all within <15 cm depth) in the balsam poplar stands and 2-8 BOHs (8- 

63 cm depth) in the white spruce stands. Although I observed roots down to 1 m depth in 

the soil profiles of both successional stages, roots were concentrated within the top 20 

cm. In many instances, root density was greatest at the organic-mineral horizon interface.

Soil properties

BOHs in the 0-20 cm depth showed marked differences in soil properties in both 

the balsam poplar and white spruce stages (Tables 3.1 and 3.2). Soil temperatures were 

lower in white spruce soils than in balsam poplar soils, and temperatures generally 

decreased with depth in both successional stages. Despite the general decrease in soil 

temperature with depth, soil temperatures were similar in BOHs and in the mineral 

horizons above and below them. For both balsam poplar and white spruce soils, moisture 

contents of the BOHs were less than the Oe/Oa horizon, but higher than in the 

surrounding mineral horizons. The deeper, older BOHs were generally drier than the 

shallow, younger BOHs. In white spruce soils, BOHs generally had lower soil bulk 

densities than the surrounding mineral horizons, but the balsam poplar BOH bulk 

densities were more variable. In both successional stages, BOHs and mineral horizons 

that were thin (0.5-1.5 cm thick) had similar bulk density values as the thicker horizons 

surrounding them. Bulk density was generally lowest in the Oe/Oa horizon and increased 

with depth in both successional stages. Likewise, pH tended to increase with depth in 

both successional stages, and pH values were generally lower in the Oe/Oa horizons and 

BOHs than in the mineral horizons immediately below them. In both balsam poplar and 

white spruce soils, C and N concentrations were greater in BOHs than in the surrounding
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mineral horizons, and values generally decreased with depth. In both successional stages, 

C:N ratios, C pools, and N pools were similar in all horizons and with depth.

Composition of soil amino acid pool

Seventeen of the 20 primary amino acids were detected in most horizons of 

balsam poplar and white spruce soils, however, the composition of the amino acid pool 

was dominated by six amino acids: alanine, asparagine, aspartic acid, glutamic acid, 

glutamine, and histidine (Tables 3.3 and 3.4). These six amino acids accounted for 50- 

100% of the total free amino acid (TFAA) concentration in horizons of both successional 

stages (Figure 3.4; Tables 3.3 and 3.4). In balsam poplar, the six dominant amino acids 

comprised a greater proportion of the TFAA pool in the mineral horizons than in the 

organic horizons (Oe/Oa and BOHs) (Figure 3.4). Moreover, the composition of the soil 

amino acid pool in these Oe/Oa and BOHs was more diverse than in the mineral 

horizons, and included high proportions of the amino acids serine, threonine, and valine 

(Table 3.3). In white spruce soils, there were similarly high proportions of the six 

dominant amino acids in all horizons (Table 3.4). In both balsam poplar and white spruce 

soils, there were low proportions of lysine, methionine, and amino acids with ring 

structures such as phenylalanine, tryptophan, and tyrosine (Tables 3.3 and 3.4).

In balsam poplar soils, proportions of the six dominant amino acids were high in 

each horizon, but only asparagine, glutamine, and glutamic acid showed consistent 

patterns with horizons and depth among the three plot replicates (Figure 3.5; Table 3.3). 

Proportions of the amides asparagine and glutamine generally increased with depth. In 

each of three replicate plots, proportions of asparagine and glutamine were five-fold and 

three-fold greater respectively in the deepest horizon than in the Oe/Oa horizon. In 

addition, proportions of glutamine were lower in the Oe/Oa and BOHs than in the 

mineral horizons above and below them. Proportions of glutamic acid decreased with 

depth in the mineral horizons, but showed no consistent trend in the organic horizons.

In white spruce soils, proportions o f the six dominant amino acids were high in 

each horizon, but with the exception of the WS1 plot, only glutamine and glutamic acid
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showed patterns among horizons or with depth (Figure 3.6; Table 3.4). Proportions of 

glutamine tended to increase with depth, and were generally greater in the mineral 

horizons than in the Oe/Oa horizon and BOHs above them. In contrast, proportions of 

glutamic acid generally decreased with depth, and were greater in the Oe/Oa horizon and 

BOHs than in the mineral horizons below them.

The six dominant amino acids in these soils (alanine, asparagine, aspartic acid, 

glutamic acid, glutamine, and histidine) represent a variety of molecular sizes, C:N ratios, 

charges, and solubilities; however, with the exception of alanine, they are all polar 

compounds (Chapter 2). Polar amino acids comprised 55-87% of the TFAA pool for 

horizons of both successional stages (Tables 3.5 and 3.6). However, non-polar amino 

acids comprised a greater proportion of the TFAA pool in balsam poplar organic horizons 

(Oe/Oa and BOHs) than in balsam poplar mineral horizons, and than in the organic and 

mineral horizons of white spruce soils (Tables 3.5 and 3.6). These non-polar amino acids 

included high proportions (4-20%) of alanine, glycine, isoleucine, leucine, and valine in 

the Oe/Oa horizon in all three balsam poplar plots (Table 3.3). Neutral amino acids 

comprised the largest component of the TFAA pool for all soils (Tables 3.5 and 3.6), but 

there were no consistent patterns of amino acid charge with depth.

Concentration of soil amino acids

Although the composition of the soil amino acid pool was relatively similar 

among the different horizons and depth within the top 20 cm of soil, concentrations of the 

six dominant amino acids and TFAA were nearly always highest in the Oe/Oa horizon 

and decreased with depth for both balsam poplar and white spruce soils (Figures 3.7, 3.8, 

and 3.9; Tables 3.7 and 3.8). The BP1 plot was the one exception, where amino acid 

concentrations were highest in the mineral horizon immediately below the very thin 

Oe/Oa horizon. By successional stage, the Oe/Oa horizon comprised 32-79% and 62-75% 

of the TFAA concentration in the 0-20 cm depth of balsam poplar and white spruce soils 

respectively. The most recent BOH comprised 15-18% and 9-16% of the TFAA 

concentration in balsam poplar and white spruce soils respectively, roughly 2-9 fold less
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than in the Oe/Oa horizon. BOHs generally had greater amino acid concentrations than 

the mineral horizons surrounding them, and amino acid concentrations were generally 

lowest in the oldest, deepest BOH. Amino acid concentrations were different in the three 

replicate balsam poplar plots (BP1, BP2, and BP3), and BP3 consistently had the highest 

amino acid concentrations. Concentrations of the six dominant amino acids and TFAA 

were fairly similar among the three white spruce plot replicates (WS1, WS2, and WS3). 

Amino acid concentrations were generally higher in white spruce soils than in balsam 

poplar soils, which is consistent with results of Chapter 2.

Statistical analysis and summary of results

I simplified the statistical analysis of horizon differences by grouping individual 

horizons into three categories (Oe/Oa, BOH and mineral horizons) and combining the 

successional stages. Results from these statistical analyses confirm the general trends I 

observed in the three replicate plots of each successional stage and highlight the 

important results for amino acid composition and concentration differences among the 

soil horizons.

Composition o f soil amino acid pool

Despite the similar overall composition of the amino acid pool among the three 

horizons, there were several notable differences (Figure 3.10a; Appendix 3.1). 

Proportions of the amides asparagine and glutamine were higher in the mineral horizons 

than in the Oe/Oa horizon (13 vs. 6% for asparagine and 20 vs. 10% for glutamine), 

although only glutamine was statistically significant. In contrast, proportions of alanine 

were significantly greater in the Oe/Oa horizon than in the mineral horizons. Proportions 

o f the six dominant amino acids in BOHs were not significantly different than in the 

Oe/Oa or mineral horizons. Proportions of aspartic and glutamic acid, histidine, and the 

sum of the six dominant amino acids showed no differences among any horizon.
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Concentration o f  soil amino acids

Whereas the composition of the amino acid pool was relatively similar among the 

horizons, concentrations of soil amino acids were extremely different among the three 

soil horizons (Figure 3.10b; Appendix 3.1). Concentrations of each of the six dominant 

amino acids and TFAA were highest in the Oe/Oa horizon, with roughly 80% of the 

TFAA concentration, whereas roughly 13% and 7% were in the BOHs and mineral 

horizons respectively. TFAA and each of the six dominant amino acid concentrations 

were significantly different among the three horizons (p < 0.01 for all). Post hoc pair wise 

comparisons indicated that concentrations of alanine, glutamic acid, and TFAA were 

significantly different in each of the three horizons (p < 0.05 for all), and that 

concentrations of each of the six dominant amino acids and TFAA were significantly 

higher in the Oe/Oa horizon than in the mineral horizons (p < 0.01 for all).

Concentrations of each of the six dominant amino acids and TFAA were lower in BOHs 

than in the Oe/Oa horizons, but higher than in the mineral horizons; however, these 

differences were not always statistically significant. Concentrations of each of the six 

dominant amino acids and TFAA were negatively correlated with soil bulk density and 

positively correlated with soil moisture content, C and N concentrations (p < 0.0001 for 

all, Appendix 3.2), which showed the influence of organic matter and the importance of 

the Oe/Oa horizon.

D is c u s s io n

Distribution of BOHs in soil profiles

The differences in the number, depth, and thickness of the BOHs between the 

balsam poplar and white spruce successional stages, as well as differences among the 

three replicate plots of each successional stage probably result from differences in terrace 

age, terrace height, river channel position, and flooding frequency. BOHs were more 

numerous and extended deeper within the soil profile in white spruce stages than in 

balsam poplar stages (Figures 3.2 and 3.3), because white spruce soils are older and have
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a longer flooding history. Thicknesses of BOHs and flood-deposited mineral horizons are 

influenced by flooding frequency and river channel position. For example, younger sites 

located near the current river channel flood more frequently and receive greater sediment 

load than the older sites located farther from the river channel. Thus, frequently flooded 

sites have thicker mineral horizons and thinner organic horizons. In addition, as terrace 

height increases with terrace age (Viereck et al., 1993a), flooding frequency decreases, 

with flood return intervals estimated to be 10-25 years for mature balsam poplar stands, 

and 50 years for mature white spruce stands (Yarie et al., 1998). As flooding becomes 

less frequent, forest floor horizons become thicker, resulting in thicker BOHs when the 

forest floor is buried. I observed direct evidence of increased BOH thickness within soil 

profiles containing multiple BOHs (BP2, WS1, WS2, WS3), where the most recent BOH 

was the thickest and BOH thickness decreased with progressively older and deeper BOHs 

(Tables 3.1 and 3.2).

Variation in the thicknesses of the forest floor and BOHs among the successional 

stages and plot replicates could also result from variations in the quantity and quality of 

litter inputs, soil temperature, and decomposition rates. Whereas overstory litter 

deposition is greatest during the mid-successional stage of balsam poplar, the arrival of a 

nearly continuous cover of feather moss dramatically increases the thickness of the forest 

floor in the white spruce successional stage (Viereck et al., 1993a). In addition, changes 

from deciduous to more recalcitrant coniferous litter, coupled with decreased soil 

temperature, leads to decreased decomposition rates in the later successional stages 

(Flanagan and Van Cleve, 1983; Fox and Van Cleve, 1983; Viereck et al., 1993a), which 

result in a thicker forest floor and BOHs across succession.

BOHs and flood-deposited mineral horizons can serve as biotic and abiotic 

legacies of past site history and flooding events. For example, it appeared that the most 

recent flooding event in the balsam poplar stands (presumably in 1986; Yarie et al. 1998) 

did not flood the white spruce stands. BOHs deeper in the soil profile are most likely the 

forest floor of previous successional stages (such as alder); however, each forest stand 

does not necessarily proceed through succession starting at the same time or at the same
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rate, making comparisons of individual horizons as well as soil profile development 

difficult. Studies to date or match BOHs and flooding events among the stand replicates, 

or between the successional stages could potentially be accomplished using radiocarbon 

dating methods (Mason and Beget, 1991), and could lead to a better understanding of 

how flooding impacts vegetation and soil development across succession.

Soil properties and root distribution

The presence of BOHs in the soil profile alters many soil properties that normally 

exhibit predictable patterns with depth. For example, although soil pH tended to decrease 

with depth, there was a pattern of alternating low and high pH in the horizons of the 0-20 

cm soil depth, where the organic horizons (Oe/Oa and BOHs) generally had a lower pH 

than the mineral soil horizons directly below them. These pH differences between 

organic and mineral soils make sense given the alkaline nature of floodplain alluvium and 

the acids released from soil organic matter decomposition. Other researchers have shown 

similar patterns of lower bulk density, but higher moisture content, and greater N and C 

concentrations for BOHs compared to the surrounding mineral soils in balsam poplar and 

white spruce stands on the Tanana River floodplain in interior Alaska (Shaw, 1994; Yarie 

et al., 1998; Shaw et al., 2001), and in the Peace River Lowlands in northern Alberta, 

Canada (Schwendenmann, 2000). In addition, BOHs in balsam poplar and black 

cottonwood (Populus trichocarpa) stands in interior and south-central Alaska generally 

had greater cation exchange capacity (CEC), organic matter content, and greater 

concentrations of potassium, calcium, and magnesium than the surrounding mineral 

horizons (Shaw, 1994); and a BOH in a white spruce stand on the Tanana River had more 

than twice the organic matter content than the mineral horizons above and below it (Yarie 

et al., 1998). The lower pH and bulk density, higher moisture content, and greater C and 

N concentrations in BOHs of this study, as well as the greater CEC, organic matter, and 

nutrient concentrations in BOHs of other studies suggest that BOHs are zones of 

increased organic matter decomposition and potential water and nutrient reserves for 

plant roots.
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I observed what appeared to be high root density in the forest floor and BOHs, 

and root density tended to be concentrated at the organic-mineral horizon interfaces, 

suggesting that there are benefits in both the organic horizons and at the organic-mineral 

horizon interface. Compared to mineral horizons, BOHs are zones of lower soil bulk 

density and higher moisture content, which are properties important to water and gas 

movement, as well as microbial and root movement and activity. For taiga tree species 

(including alder, balsam poplar and black spruce), Tryon and Chapin (1983) observed a 

more rapid root elongation in air pockets and soil cracks compared with packed soil and 

suggested that soil horizons with such features, as well as lower bulk densities, may have 

greater root biomass than the denser soil horizons deeper in the soil profile. In addition, 

cracks, fissures, the current and old root channels, and the abrupt change in bulk density 

and texture at the BOH-mineral horizon interface may cause preferential flow paths of 

water and solutes (Kamra et al., 1999; Bundt et al., 2001). I speculate that roots may mine 

the forest floor and BOHs for nutrients (including amino acids) released from the 

decomposition of organic matter, while utilizing the BOH-mineral horizon interface for 

better root movement, as well as better transport of water and nutrients.

Composition of the soil amino acid pool

My results indicate that organic horizons (Oe/Oa and BOHs) having a biological 

origin (from decomposing organic matter and microbial activity) and mineral horizons 

having a physical origin (from flood-deposited alluvium) were similar in amino acid 

composition. In addition, the amino acid composition of horizons did not change over 

time with burial. Even in BOHs located deeper in the soil profile, which may have 

originated from previous successional stages (with differences in litter quantity and 

quality, productivity, and soil physicochemical properties), I did not detect major 

differences in amino acid composition among the horizons. This is in accordance with 

results of Chapter 2 that showed remarkable similarities in the composition of the amino 

acid pool in soils o f the five successional stages (willow, alder, balsam poplar, white 

spruce, black spruce).
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The relatively similar amino acid composition for the different horizons and the 

two successional stages suggests that amino acids originate from similar sources or 

through similar biochemical processes. In Chapter 2 ,1 speculated that the dominant 

amino acids (alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine) in 

these soils and in other ecosystems originate from not one, but rather from a variety of 

potential sources that commonly contain these dominant amino acids: overstory and 

understory plant litter, root exudates, and microorganisms (both free living and 

symbiotic). Moreover, the production and utilization of amino acids within plant or 

microbial cells, and the ecosystem processes linking them, likely share the same 

biochemistry and amino acid constituents regardless o f vegetation type, soil environment, 

or climate.

Contrary to my original hypothesis and the results o f other studies, there were no 

patterns of amino acid molecular structure, polarity, or charge among the horizons or 

with depth in the soil profile. Nearly all o f the dominant amino acids in this study were 

polar compounds, which is logical given the aqueous nature of the ecosystem. In 

addition, polar amino acids are generally located on the surfaces of protein structures 

(Lehninger et al., 1993), so they may be more prevalent after initial decomposition. In 

this study, neutral amino acids predominated, accounting for an average 62% of the total 

amino acid pool in horizons of both successional stages, similar to the 60-70% found in 

the 0-35 cm depth of Calluna heathland soils in England (Abuguarghub and Read,

1988b). However, it should be noted that the neutral grouping contained 13 of the 18 

amino acids, so drawing inferences from this charge grouping are somewhat biased. I 

found no pattern of amino acid charge with depth in the soil profile, whereas 

Abuguarghub and Read (1988b) found that acidic and basic amino acids decreased with 

depth and neutral amino acids were more prevalent in the deeper horizons. This 

discrepancy may be explained by differences in soil sampling depth or the presence of 

BOHs that may alter soil patterns with depth, and indicates that there is not a 

generalizable pattern of amino acid charge with depth across all studies.
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Despite the similar overall composition of the amino acid pool among the 

horizons, there were a few notable differences in amino acid composition with depth. 

There were higher proportions o f the amides asparagine and glutamine in the mineral 

horizons than in the Oe/Oa horizon (Fig. 3.10a), and the relative proportions of 

asparagine and glutamine (in balsam poplar soils) and glutamine (in white spruce soils) 

generally increased with depth (Figures 3.5 and 3.6). This suggests that these amino acids 

may not originate from surface litter inputs, but rather from root exudates. In Chapter 2 ,1 

proposed that root exudation was a potential source of the amide amino acids glutamine 

and asparagine, which are common constituents of plant xylem and phloem (Pate, 1973; 

Kielland, 1994; Rochat, 2001). Although roots were concentrated in the Oe/Oa horizon 

and BOHs, roots occur throughout the entire 20 cm depth of soil studied, including the 

mineral horizons. The fact that proportions of glutamine and asparagine were generally 

greater in the mineral horizons compared to the BOHs at similar depths, further 

emphasizes that these amides likely do not originate from organic matter decomposition 

in the BOHs, but potentially from root exudation.

The greater diversity of individual amino acids comprising the amino acid pool 

and higher percentage of non-polar amino acids in balsam poplar organic horizons 

(especially the Oe/Oa horizon) may result from litter that contains phenolics and tannins. 

Balsam poplar produces large quantities of phenolic and tannin compounds that may 

leach into the soil from foliage, buds, and litter (Schimel et al., 1996). Phenolics and 

tannins are complex macromolecules that also form complexes with proteins, and the 

majority of tannin-protein complexes are hydrophobic (Northup et al., 1995). Although I 

found low proportions of amino acids with rings (e.g., phenylalanine, tyrosine, 

tryptophan) in the balsam poplar forest floor, there were high proportions of non-polar 

amino acids (e.g. alanine, glycine, isoleucine, leucine, and valine), which may have 

originated from the hydrophobic tannin-protein complexes.
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Soil amino acid concentration

Soil amino acid concentrations were highest in the forest floor horizon, and 

declined rapidly with depth (Figures 3.7, 3.8, and 3.9). The forest floor horizon (Oe/Oa) 

comprised roughly 80% of the TFAA concentration of the entire 0-20 cm soil depth, 

whereas the combined BOHs and mineral horizons comprised roughly 20%. Similar 

results were obtained from a variety of ecosystems such as pine forests in Western 

Norway (Grov, 1963), Calluna heathlands in England (Abuarghub and Read, 1988ab), as 

well as cedar, oak and aspen forests in British Columbia, Canada (Lowe, 1973).

The high concentration of soil amino acids in the Oe/Oa horizon and the rapid 

decline with depth suggest that the majority of amino acids originate from aboveground 

plant litter inputs, or a larger and more active microbial community at the surface than at 

depth. Plant litter is known to contain high concentrations of the amino acids alanine, 

arginine, asparagine, glutamine, glutamic acid, and histidine (Chapter 2). Although there 

is little information regarding microbial composition and activity with depth or within 

BOHs in soils on the Tanana River floodplain, we do know that the microbial community 

is dominated by fungi (Flanagan and Van Cleve, 1983), and that boreal forest plant 

species (both overstory and understory) commonly form ecto- and ericoid mycorrhizal 

associations (Ruess et al., 2006). As mycorrhizal hyphae are known to proliferate in the 

fermentation (Oa) layer (Read and Bajwa, 1985; Abuarghub and Read, 1988b), an active 

microbial community capable of both utilizing and producing amino acids within the 

forest floor horizon is quite plausible.

The higher amino acid concentration in BOHs relative to mineral soil suggests 

that BOHs remain as biological hot spots. BOHs are graveyards for the litter, dead roots, 

and fungal mycelium that were once part of the forest floor horizon, and BOHs are zones 

of live roots and their associated mycorrhizae; all o f which could be excellent sources of 

amino acids. In addition, because BOHs are located at depth, they have more constant 

temperature and moisture regimes than the surface horizons, potentially favoring greater 

microbial biomass and activity (Wagener and Schimel, 1998), and increased amino acid 

production. However, the soil amino acid concentration in successive BOHs declined
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with depth (Figures 3.7, 3.8, and 3.9), suggesting that their importance as biological hot 

spots declines over time, presumably as a consequence of uptake (plant or microbial), the 

redistribution o f fine roots (Yarie et al., 1998) and recolonization of microorganisms after 

the development of a new forest floor, and perhaps some leaching.

C o n c l u s io n s

BOHs are examples of the combination of physical, chemical, and biological 

influences and controls over ecosystem functioning. Although BOHs in balsam poplar 

and white spruce soils were highly variable in distribution and thickness, BOHs 

consistently had lower pH and bulk density, higher soil moisture contents, and greater 

concentrations of C, N, and roots than the surrounding mineral horizons. Contrary to my 

original hypothesis, the composition of the amino acid pool was remarkably similar 

among the forest floor, BOHs, and mineral horizons. In each horizon of both successional 

stages, the soil amino acid pool was dominated by alanine, asparagine, aspartic acid, 

glutamic acid, glutamine, and histidine. Although these dominant amino acids represent a 

variety of molecular sizes, C:N ratios, charges, and solubilities, they are largely polar 

(alanine is the exception), and do not have complex molecular structures containing 

aromatic rings. In support of my original hypothesis, concentration of amino acids 

followed the horizon series Oe/Oa > BOHs > mineral. In both successional stages, amino 

acid concentration declined rapidly with depth, with roughly 80% of TFAA concentration 

in the 0-20 cm soil depth located within the top 6 cm. This suggests that the majority of 

soil amino acids originate from aboveground litter inputs and/or an active microbial 

community within the forest floor horizon. Although the contribution of BOHs to the 

overall soil amino acid pool appears to be rather small (13%), amino acids are extremely 

labile and transitory N sources, so low concentrations o f amino acids at depth are not 

surprising. Nevertheless, amino acid concentrations were generally greater in BOHs than 

in the surrounding mineral horizons. In summary, the greater root concentration, soil 

physicochemical properties important to root and microbial activity, and greater amino
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acid concentration in BOHs compared to the surrounding mineral horizons indicate that 

BOHs are unique zones of past and potential biological activity and nutrient reserves.
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Figure 3.1 Study sites on the Tanana River floodplain in the Bonanza Creek LTER site 
in interior Alaska. Balsam poplar (BP) and white spruce (WS) successional stages and 
three plot replicates (1, 2, 3) for each successional stage are shown.



Figure 3.2 Balsam poplar soil profiles showing location of buried organic horizons. Photos show 0-50 cm depth of 
soil pit and are similar in scale.

o
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Figure 3.3 White spruce soil profiles showing location of buried organic horizons. Photos show 0-70 cm depth of soil
pit and are similar in scale. ^K o



Figure 3.4 Sum of the six dominant amino acid proportions for soil horizons of a) balsam poplar plots (BP1, BP2, BP3) and 
b) white spruce plots (WS1, WS2, WS3). Values are proportions o f the total free amino acid concentration for the sum of 
the six dominant amino acids (alanine, asparagine, aspartic acid, glutamic acid, glutamine, histidine). Bars are organic 
horizons (forest floor and sequential buried organic horizons (BOH)). Circles are mineral horizons below the corresponding 
forest floor or BOH.



Figure 3.5 The six dominant amino acid proportions for soil horizons o f balsam poplar plots (BP1, BP2, BP3). Values are
proportions of the total free amino acid concentration. Bars are organic horizons (forest floor and sequential buried
organic horizons (BOH)). Circles are mineral horizons below the corresponding forest floor or BOH.
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Figure 3.6 The six dominant amino acid proportions for soil horizons of white spruce plots (WS1, WS2, WS3). Values are
proportions of the total free amino acid concentration. Bars are organic horizons (forest floor and sequential buried organic
horizons (BOH)). Circles are mineral horizons below the corresponding forest floor or BOH.



Figure 3.7 Total free amino acid (TFAA) concentration for soil horizons o f a) balsam poplar plots (BP1, BP2, BP3) and 
b) white spruce plots (WS1, WS2, WS3). TFAA values are the sum of the 18 amino acid concentrations found in the soil. 
Bars are organic horizons (forest floor and sequential buried organic horizons (BOH)). Circles are mineral horizons below 
the corresponding forest floor or BOH.



Figure 3.8 The six dominant amino acid concentrations for soil horizons o f balsam poplar plots (BP1, BP2, BP3). Bars are
organic horizons (forest floor and sequential buried organic horizons (BOH)). Circles are mineral horizons below the
correponding forest floor or BOH.



Figure 3.9 The six dominant amino acid concentrations for soil horizons of white spruce plots (WS1, WS2, WS3). Bars are
organic horizons (forest floor and sequential buried organic horizons (BOH)). Circles are mineral horizons below the
corresponding forest floor or BOH.
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Figure 3.10 a) Composition and b) concentration o f the six dominant amino acids in 
categorized soil horizons for balsam poplar and white spruce successional stages 
combined. Sum = sum of the six dominant amino acid proportions, TFAA = total free 
amino acid concentration. Different lower case letters indicate statistical significance 
among the horizons for a given amino acid.



Table 3.1 Properties o f soil horizons (0-20 cm depth) in the balsam poplar plots (BP1, BP2, BP3).

Plot Horizon

Horizon
depth3
(cm)

Horizon
thickness3

(cm)

Horizon
midpoint3

(cm)

Horizon Horizon 
volumeb mass'3 
(% of 20 (% of 20 
cm core) cm core) Munsell soil colorb

Soil
temp°
C O

Moisture 
conte ntb 

<%)

Bulk 
densityb 
(9 cm'3) pHb %Cb %Nb C:Nb

C poolb N poolb 
(g C rrf2) (g N m’2)

Oe/Oa 0.0 -1.3 1.3 ±0.1 0.7 6.5 2.7 2.SYR 2.5/1 (reddish black) 11.2 47 0.33 6.57 23.2 1.10 21.1 1008 48

BP1 ^
Min-1 1.3 -2.3 1.0 ±0.2 1.8 5.0 1.4 10YR 3/1 (very dark gray) 11.1 36 0.23 6.79 7.2 0.40 18.2 164 9

BOH-1 2 .3 -4 .6 2.3 ±0.3 3.5 11.5 3.5 10YR 2/2 (very dark brown) 11.0 38 0.25 6.87 13.9 0.74 18.7 783 42

JVIin-2 4.6 -20.0 15.4 ±0.2 12.3 77.0 92.3 10YR 4/2 (dark grayish brown) 10.1 8 0.96 7.02 0.8 0.04 17.9 1116 62

r
Oe/Oa 0.0 -5.3 5.3 ±0.3 2.6 26.3 4.1 10YR 2/1 (black) 10.9 52 0.09 6.58 31.5 1.33 23.6 1455 62

Min-1 5.3 -7.1 1.9 ± 0.1 6.2 9.4 8.2 2.5Y 4/3 (olive brown) 10.2 19 0.49 6.09 2.7 0.13 21.3 249 12

BP2<(
BOH-1 7.1 -8.0 0.9 ±0.1 7.6 4.4 4.5 2.5Y 2.5/1 (black) 10.1 32 0.58 6.08 11.9 0.50 23.8 603 25

Min-2 8.0-10.8 2.8 ±0.3 9.4 13.8 11.7 2.5Y 4/2 (dark grayish brown) 9.7 23 0.48 5.77 3.5 0.15 22.8 452 20

BOH-2 10.8-11.3 0.5 ±0.0 11.0 2.5 4.8 2.5Y 3/3 (dark olive brown) ND 20 1.08 6.22 4.9 0.21 23.5 263 11

JVIin-3 11.3-20.0 8.8 ±0.3 15.6 43.8 66.6 2.5Y 4/4 (olive brown) 9.3 8 0.85 6.58 0.7 0.03 20.8 488 23

S'
Oe/Oa 0.0 -6.0 6.0 ± ND 3.0 30.0 4.3 7.5R 2.5/1 (reddish black) 10.7 57 0.08 6.20 37.0 1.59 23.2 1800 77

BP3^
Min-1 6.0 -9.0 3.0 ±ND 7.5 15.0 14.3 10YR 4/2 (dark grayish brown) 9.6 25 0.54 6.51 2.4 0.11 21.5 383 18

BOH-1 9.0-10.3 1.3 ±ND 9.7 6.5 4.5 7.5YR 3/1 (very dark gray) 9.5 35 0.39 6.51 10.1 0.53 18.9 514 27

JVIin-2 10.3-20.0 9.7 ±ND 15.2 48.5 76.8 10YR 4/2 (dark grayish brown) 9.3 19 0.89 7.47 1.1 0.05 21.0 935 44

Min = mineral horizon, BOH = buried organic horizon.
ND = not determined.
a For each balsam poplar plot, individual horizons were measured on five replicate soil cores (0-20 cm depth) starting at the Oe horizon. Values represent the mean 

± 1 SE, n = 5. In BP3, only the mean horizon depth and thickness was recorded. 
b Individual horizons from five replicate 0-20 cm soil cores were composited into one sample for each of three balsam poplar plots, n = 1.
0 Soil temperature was taken at the midpoint of each horizon during September field sampling.



Table 3.2 Properties o f soil horizons (0-20 cm depth) in the white spruce plots (WS1, WS2, WS3).

Plot Horizon

Horizon
depth3
(cm)

Horizon
thickness3

(cm)

Horizon
midpoint3

(cm)

Horizon Horizon 
volumeb massb 
(% of 20 (% of 20 
cm core) cm core) Munsell soil colorb

Soil
temp0
(°C)

Moisture
content13

(%)

Bulk 
density15 
(g cm'3) PHb %Cb %Nb C:Nb

C poolb N poolb 
(g C m'2) (g N m 2)

/
Oe/Oa 0.0 - 5.4 5.4 ±0.5 2.7 27.0 4.7 10YR2/1 (black) 9.1 58 0.08 5.78 30.7 1.10 28.1 1390 50

Min-1 5.4 -9.9 4.5 ±0.3 7.7 22.5 24.2 2.5Y 4/2 (dark grayish brown) 8.0 24 0.51 7.11 1.4 0.06 22.3 325 15

WS1<(
BOH-1 9.9-11.3 1.4 ±0.2 10.6 7.0 6.0 2.5Y 3/1 (very dark gray) 8.2 34 0.41 6.71 9.7 0.35 28.0 555 20

Min-2 11.3-12.9 1.6 ±0.2 12.1 8.0 7.3 2.5Y 4/2 dark grayish brown) 7.5 16 0.44 6.99 2.2 0.98 2.2 151 68

BOH-2 12.9-14.2 1.3 ±0.3 13.6 6.5 5.9 2.5Y 2.5/1 (black) 7.6 31 0.43 6.74 11.0 0.38 29.2 616 21

^Min-3 14.2-20.0 5.8 ±0.5 17.1 29.0 52.0 2.5Y 4/2 (dark grayish brown) 7.2 9 0.86 6.93 0.9 0.05 19.2 438 23

r
Oe/Oa 0.0 -3.0 3.0 ±0.8 1.5 15.8 2.7 10YR 2/1 (black) 6.9 60 0.08 5.14 31.3 1.14 27.4 762 28

Min-1 3.0 -4.1 1.1 ±0.2 3.6 6.9 4.3 2.5Y 4/2 (dark grayish brown) 6.6 31 0.27 4.67 4.5 0.20 23.0 172 7

BOH-1 4.1 -7.3 3.2 ±0.3 5.7 15.8 7.6 2.5Y 3/1 (very dark gray) 6.4 42 0.21 4.73 14.6 0.53 27.8 999 36

WS2<
Min-2 7.3 -9.9 2.6 ±0.2 8.6 12.9 17.4 2.5Y 4/2 (dark grayish brown) 6.3 34 0.60 5.79 4.0 0.18 22.5 626 28

BOH-2 9.9 -11.9 2.0 ±0.4 10.9 9.9 8.5 2.5Y 4/1 (dark gray) 6.4 43 0.38 6.37 8.4 0.41 20.3 641 31

Min-3 11.9-15.1 3.2 ±0.3 13.5 15.8 23.2 2.5Y 4/2 (dark grayish brown) 6.2 34 0.65 7.03 2.3 0.13 17.3 471 27

BOH-3 15.1 -16.1 1.0 ±0.0 15.6 5.0 6.6 2.5Y 2.5/1 (black) 6.2 45 0.60 7.05 8.3 0.51 16.4 494 30

^Min-4 16.1 -20.0 3.6 ±0.5 17.9 17.8 29.6 2.5Y 4/2 (dark grayish brown) 6.1 36 0.74 7.13 2.8 0.15 18.8 732 39
r
Oe/Oa 0.0 -4.6 4.6 ±0.2 2.3 23.0 3.5 10YR 2/1 (black) 7.7 74 0.06 5.59 36.3 0.97 37.3 924 25

Min-1 4.6 -5.8 1.2 ±0.1 5.2 6.0 3.1 2.5Y 4/2 (dark grayish brown) 7.1 45 0.19 5.38 8.5 0.33 25.6 191 7

WS3-<
BOH-1 5.8 -9.2 3.4 ±0.3 7.5 17.0 7.7 2.5Y 2.5/1 (black) 6.8 49 0.16 5.21 22.5 0.67 33.6 1260 37

Min-2 9.2 -13.0 3.8 ±0.4 11.1 19.0 18.6 2.5Y 5/2 (grayish brown) 5.7 29 0.36 5.17 2.9 0.13 23.0 393 17

BOH-2 13.0-14.0 1.0 ±0.0 13.5 5.0 5.9 2.5Y 3/2 (very dark grayish brown) 5.5 34 0.43 5.05 10.3 0.45 23.1 442 19

^Min-3 14.0-20.0 6.0 ±0.6 17.0 30.0 61.2 2.5Y 4/3 (olive brown) 4.8 13 0.74 5.76 1.3 0.07 17.7 558 31

Min = mineral horizon, BOH = buried organic horizon.
a For each white spruce plot, individual horizons were measured on five replicate soil cores (0-20 cm depth) starting at the Oe horizon. Values represent the 

mean ±1 SE, n = 5.
b Individual horizons from five replicate 0-20 cm soil cores were composited into one sample for each of three white spruce plots, n = 1.
0 Soil temperature was taken at the midpoint of each horizon during September field sampling.



Table 3.3 Amino acid composition of balsam poplar soil horizons (0-20 cm depth). For each balsam poplar 
plot (BP1, BP2, BP3), values are the proportion (%) o f the total free amino acid concentration and rank (1- 
18). Individual horizons were composited from five replicate 0-20 cm soil cores in each plot. For each plot, 
bold indicates horizon with the highest amino acid proportion. Continued on the next page.

Plot Horizon

Horizon Horizon
depth thickness
(cm) (cm) Alanine Asparagine

Aspartic
acid

Glutamic
acid Glutamine Histidine

Sum of six 
dominant 

amino acids

BP1 <

BP2<

BP3<

Oe/Oa 0.0 -1.3 1.3 12.5 (1) 6.3 (10) 9.8 (3) 11.9 (2) 7.6 (5) 6.7 (7) 54.8

Min-1 1.3 -2.3 1.0 10.9 (2) 8.3 (5) 8.7 (4) 26.6 (1) 10.3 (3) 6.6 (6) 71.4

BOH-1 2.3 -4.6 2.3 11.2 (2) 9.9 (3) 4.7 (12) 13.2 (1) 7.8 (4) 4.9 (11) 51.8

^Min-2 4.6 -20.0 15.4 7.9 (6) 24.7 (1) 9.1 (4) 13.9 (3) 16.4 (2) 5.6 (7) 77.6

^Oe/Oa 0.0 -5.3 5.3 13.6 (2) 2.5 (13) 9.4 (3) 25.1 (1) 6.0 (7) 6.9 (5) 63.5

Min-1 5.3 -7.1 1.9 9.6 (4) 4.6 (6) 19.6 (3) 24.5 (1) 19.9 (2) 9.1 (5) 87.3

BOH-1 7.1 ■-8.0 0.9 13.8 (2) 7.3 (6) 9.3 (4) 21.5 (1) 8.8 (5) 13.8 (3) 74.4

Min-2 8.0 ■-10.8 2.8 10.0 (5) 9.5 (6) 14.2 (3) 19.0 (1) 18.2 (2) 8.1 (7) 79.0

BOH-2 10.8 --11.3 0.5 10.9 (4) 7.5 (7) 12.2 (3) 16.6 (1) 12.5 (2) 8.0 (6) 67.8

^_Min-3 11.3 ■-20.0 8.8 10.6 (6) 13.8 (4) 12.6 (5) 14.5 (3) 23.6 (1) 17.3 (2) 92.5

r
Oe/Oa 0.0 ■-6.0 6.0 19.8 (1) 2.5 (13) 6.8 (6) 19.0 (2) 7.8 (4) 5.9 (7) 61.9

Min-1 6.0 --9.0 3.0 11.3 (3) 0.0 (5) 0.0 (5) 45.0 (1) 41.7 (2) 0.0 (5) 98.0

BOH-1 9.0 ■-10.3 1.3 10.2 (3) 1.2 (14) 7.1 (4) 29.4 (1) 29.1 (2) 6.6 (5) 83.7

^Min-2 10.3 ■-20.0 9.7 14.6 (4) 16.2 (3) 3.5 (5) 31.4 (2) 34.0 (1) 0.0 (7) 99.7

Min = mineral horizon, BOH = buried organic horizon.
Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine.



Table 3.3 continued.

Horizon Horizon
depth thickness Iso- Meth- Phenyl- Threo- Trypto-

Plot Horizon (cm)______(cm) Arginine Glycine leucine Leucine Lysine ionine alanine Serine nine phan Tyrosine Valine

Oe/Oa 0 .0 -1 .3  1.3

Min-1 1.3 -2.3 1.0

BOH-1 2.3 -4.6 2.3

vMin-2 4.6 -20.0 15.4

r
Oe/Oa 0.0 -5.3 5.3

Min-1 5.3 -7.1 1.9

BOH-1 7.1 -8.0 0.9

Min-2 8 .0 -10.8 2.8

BOH-2 10.8-11.3 0.5

^Min-3 11.3-20.0 8.8

f
Oe/Oa 0.0 -6.0 6.0

Min-1 6.0 -9.0 3.0

BOH-1 9.0 -10.3 1.3

^Min-2 10.3-20.0 9.7

0.0 (16) 5.4 (11) 4 .7  (1 2 )

4.1 (8) 3.7 (10) 2.6 (12)

6.4 (5) 5 .6  (8 ) 4.5 (13)

8 .9  (5 ) 3.0 (9 ) 1.0 (12)

2.1 (14) 3 .6  (1 1 ) 4 .3  (9 )

3.2 (8) 0.0 (13) 1.7 (10)

7.1 (7) 2.3 (12) 2.4 (11)

1 0 .5  (4) 2.0 (10) 1.1 (11)

5.4 (8) 0.6 (15) 1.7 (13)

0.0 (12) 0.1 (11) 0.0 (12)

0.1 (1 6 ) 3 .6  (1 1 ) 5 .2  (9 )

0.0 (5) 0.0 (5) 0.0 (5)

0.0 (15) 1.8 (9 ) 1.2 (13)

0.0 (7) 0.0 (7) 0.0 (7)

6 .5  (9) 0.0 (16) 1 .8  (14 )

3.1 (11) 0.0 (17) 0.7 (16)

5.2 (10) 0.0 (18) 1.0 (17)

2.0 (11) 0.0 (14) 1.0 (13)

3 .9  (10 ) 0.0 (16) 0.0 (16)

0.4 (12) 0.0 (13) 0.0 (13)

1.3 (13) 0.0 (17) 0 .7  (1 5 )

0.7 (13) 0.0 (14) 0.0 (14)

3.4 (11) 0.0 (16) 0.0 (16)

0.8 (10) 0.0 (12) 0.0 (12)

4 .3  (1 0 ) 0.0 (17) 0 .3  (1 5 )

0.0 (5) 0.0 (5) 0.0 (5)

1.5 (11) 0.0 (15) 0.0 (15)

0.0 (7) 0.0 (7) 0.0 (7)

4 .0  (1 3 ) 6 .9  (6 ) 6 .6  (8 )

2.0 (14) 3.8 (9) 2.3 (13)

3.2 (14) 5.5 (9) 5.9 (7)

0.0 (14) 0.0 (14) 4.3 (8)

2 .6  (1 2 ) 6 .6  (6 ) 5 .9  (8 )

0.0 (13) 3.5 (7) 1.6 (11)

0.6 (16) 3.9 (8) 2.7 (10)

0.0 (14) 2.9 (8) 1.0 (12)

1.6 (14) 4.8 (9) 3.4 (10)

0.0 (12) 3.0 (7) 1.4 (9)

3 .0  (1 2 ) 7 .3  (5 ) 5 .2  (8)

0.0 (5) 0.0 (5) 0.0 (5)

0.0 (15) 4.4 (6) 1.6 (10)

0.0 (7) 0.0 (7) 0.0 (7)

0.0 (16) 1.5 (15) 7 .7  (4)

0.0 (17) 1.8 (15) 4.6 (7)

2 .7  (1 5 ) 2 .2  (1 6 ) 6.0 (6)

0.0 (14) 0.0 (14) 2.3 (10)

0.0 (16) 0.5 (15) 6 .9  (4 )

0.0 (13) 0.0 (13) 2.2 (9)

0.0 (17) 1 .2  (1 4 ) 3.5 (9)

0.0 (14) 0.0 (14) 2.9 (9)

8 .4  (5 ) 0.0 (16) 2.9 (12)

0.0 (12) 0.0 (12) 2.3 (8)

0.0 (17) 0.4 (14) 8 .9  (3)

0.0 (5) 2 .0  (4 ) 0.0 (5)

1 .9  (8 ) 1.4 (12) 2.4 (7)

0.0 (7) 0.0 (7) 0.3 (6)

Min = mineral horizon, BOH = buried organic horizon.



Table 3.4 Amino acid composition o f white spruce soil horizons (0-20 cm depth). For each white spruce plot 
(WS1, WS2, WS3), values are the proportion (%) o f the total free amino acid concentration and rank (1-18). 
Individual horizons were composited from five replicate 0-20 cm soil cores in each plot. For each plot, bold 
indicates horizon with the highest amino acid proportion. Continued on the next page.

Horizon Horizon Sum of six
depth thickness Aspartic Glutamic dominant

Plot Horizon______ (cm)_______(cm)_______Alanine_____ Asparagine_______acid_________ add______ Glutamine Histidine amino acids

^Oe/Oa 0.0 -5.4 5.4 17.7 (2) 9.6 (4) 6.2 (6) 17.8 (1) 16.1 (3) 9.6 (5) 77.0
Min-1 5.4 -9.9 4.5 9.3 (5) 12.9 (3) 9.3 (6) 12.0 (4) 13.1 (2) 16.3 (1) 72.9

WS1 -<
BOH-1 9.9 -11.3 1.4 1 8 .5 (1) 11.6 (3) 11.5 (4) 15.1 (2) 7.8 (6) 9.7 (5) 74.3

Min-2 11.3 - 12.9 1.6 11.1 (4) 1 9 .2 (2 ) 0.0 (14) 18.2 (3) 2 0 .3 (1) 5.4 (6) 74.3

BOH-2 12.9 -14.2 1.3 11.0 (4) 8.8 (5) 5.8 (7) 1 9 .4 (1) 14.0 (2) 11.9 (3) 70.9
<^Min-3 14.2 -20.0 5.8 5.7 (7) 10.4 (5) 1 7 .0 (1) 11.4 (4) 12.3 (3) 1 6 .6 (2) 73.4

^Oe/Oa 0.0 -3.0 3.0 20.4 (1) 7.3 (6) 10.4 (4) 18 .3 (2) 13.2 (3) 9.3 (5) 78.8
Min-1 3.0 -4.1 1.1 16.7 (2) 9.9 (5) 16.5 (3) 16.1 (4) 25.3 (1) 9.5 (6) 9 4 .0

BOH-1 4.1 -7.3 3.2 2 0 .9 (2) 7.4 (6) 8.3 (5) 13.9 (3) 27.1 (1) 9.9 (4) 87.5

WS2
<

Min-2 7.3 -9.9 2.6 12.6 (3) 11.4 (5) 4.9 (7) 11.6 (4) 27.6 (1) 14.8 (2) 82.8

BOH-2 9.9 -11.9 2.0 15.4 (2) 14.2 (4) 8.9 (6) 9.5 (5) 19.8 (1) 1 5 .4 (3) 83.2

Min-3 11.9 -15.1 3.2 8.9 (5) 2 5 .5 (2 ) 0.0 (9) 13.5 (3) 33.1 (1) 11.9 (4) 92.9

BOH-3 15.1 -16.1 1.0 8.9 (5) 20.9 (2) 2 2 .6 (1) 11.3 (4) 18.8 (3) 2.0 (10) 84.6
^_Min-4 16.1 -20.0 3.6 4.0 (8) 23.2 (1) 5.3 (7) 6.1 (6) 17.8 (2) 10.0 (4) 66.4

^Oe/Oa 0.0 -4.6 4.6 18.4 (2) 9.0 (4) 7.8 (6) 2 1 .9 (1 ) 9.6 (3) 8.6 (5) 75.2

Min-1 4.6 -5.8 1.2 16.5 (3) 13.2 (5) 13.6 (4) 18.7 (2) 19.1 (1) 5.4 (6) 86.5

WS3 <
BOH-1 5.8 -9.2 3.4 1 8 .5 (1) 11.7 (4) 11.1 (5) 17.5 (2) 16.5 (3) 6.7 (6) 82.1

Min-2 9.2 -13.0 3.8 15.9 (2) 11.6 (5) 12.8 (4) 14.2 (3) 21.9 (1) 7.1 (6) 83.4

BOH-2 13.0 -14.0 1.0 13.3 (4) 1 5 .9 (2 ) 13.7 (3) 12.3 (5) 23.8 (1) 8.6 (6) 8 7 .5

^M in-3 14.0 -20.0 6.0 18.2 (2) 10.0 (4) 3.7 (9) 10.2 (3) 2 5 .6 (1) 6.2 (7) 73.9
Min = mineral horizon, BOH = buried organic horizon.
Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine.



Table 3.4 continued.
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Table 3.5 Charge and polarity of amino acids with depth in balsam poplar soils. 
Values are the proportion (%) of the total free amino acid concentration for each 
horizon of the replicate balsam poplar plots (BPl, BP2, BP3), and amino acids are 
grouped according to charge (acidic, basic, or neutral) and polarity (polar or non
polar).

Horizon
depth
(cm)

Horizon
thickness CHARGE POLARITY

Plot Horizon (cm) Acidic Basic Neutral Polar Non-Polar
S'

Oe/Oa 0.0 - 1.3 1.3 22 7 72 58 42

BP1-<
Min-1 1.3 - 2.3 1.0 35 11 54 71 29

BOH-1 2.3 -4 .6 2.3 18 11 71 59 41

JVIin-2 4.6 - 20.0 15.4 23 14 63 84 16

r
Oe/Oa 0.0 - 5.3 5.3 35 9 57 65 35

Min-1 5.3 - 7.1 1.9 44 12 44 86 14

BP 2<
BOH-1 7.1 - 8.0 0.9 31 21 48 75 25

Min-2 8.0 - 10.8 2.8 33 19 48 83 17

BOH-2 10.8 - 11.3 0.5 29 13 58 70 30

OVIin-3 11.3 - 20.0 8.8 27 17 56 86 14

Oe/Oa 0.0 - 6.0 6.0 26 6 68 55 45

BP3-<
Min-1 6.0 - 9.0 3.0 45 0 55 87 13

BOH-1 9.0 - 10.3 1.3 37 7 57 79 21

v.Min-2 10.3 - 20.0 9.7 35 0 65 85 15

Acidic amino acids: aspartic acid and glutamic acid.
Basic amino acids: arginine, histidine, and lysine.
Neutral amino acids: alanine, asparagine, glutamine, glycine, isoleucine, leucine, methionine, phenylalanine, 

serine, threonine, tryptophan, tyrosine, and valine.
Polar amino acids: arginine, asparagine, aspartic acid, glutamine, glutamic acid, histidine, lysine, methionine, 

serine, and threonine.
Non-polar amino acids: alanine, glycine, isoleucine, leucine, phenylalanine, tryptophan, tyrosine, valine.
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Table 3.6 Charge and polarity of amino acids with depth in white spruce soils. 
Values are the proportion (%) of the total free amino acid concentration for each 
horizon of the replicate white spruce plots (W Sl, WS2, WS3), and amino acids are 
grouped according to charge (acidic, basic, or neutral) and polarity (polar or non
polar).

Plot Horizon

Horizon
depth
(cm)

Horizon
thickness

(cm) Acidic

CHARGE

Basic Neutral
POLARITY 

Polar Non-Polar
'O e /O a 0.0 - 5.4 5.4 24 10 66 68 32

Min-1 5.4 - 9.9 4.5 21 16 62 78 22

WS1 -<
BOH-1 9.9 - 11.3 1.4 27 13 61 69 31
Min-2 11.3 - 12.9 1.6 18 5 76 74 26

BOH-2 12.9 - 14.2 1.3 25 18 57 74 26
^M in -3 14.2 - 20.0 5.8 28 21 50 79 21

(O e/O a 0.0 - 3.0 3.0 29 13 59 68 32
Min-1 3.0 - 4.1 1.1 33 9 58 81 19

BOH-1 4.1 - 7.3 3.2 22 12 65 73 27

W S 2 ^ Min-2 7.3 - 9.9 2.6 16 20 64 77 23
BOH-2 9.9 - 11.9 2.0 18 15 66 74 26
Min-3 11.9 - 15.1 3.2 14 12 75 87 13

BOH-3 15.1 - 16.1 1.0 34 2 64 82 18
V_Min-4 16.1 - 20.0 3.6 11 22 67 79 21

^Oe/Oa 0.0 - 4.6 4.6 30 9 62 67 33
Min-1 4.6 - 5.8 1.2 32 5 62 74 26

WS3 <
BOH-1 5.8 - 9.2 3.4 29 8 63 71 29
Min-2 9.2 - 13.0 3.8 27 7 66 73 27

BOH-2 13.0 - 14.0 1.0 26 9 65 79 21
vJVIin-3 14.0 - 20.0 6.0 14 6 80 70 30

Acidic amino acids: aspartic acid and glutamic acid.
Basic amino acids: arginine, histidine, and lysine.
Neutral amino acids: alanine, asparagine, glutamine, glycine, isoleucine, leucine, methionine, phenylalanine, 

serine, threonine, tryptophan, tyrosine, and valine.
Polar amino acids: arginine, asparagine, aspartic acid, glutamine, glutamic acid, histidine, lysine, methionine, 

serine, and threonine.
Non-polar amino acids: alanine, glycine, isoleucine, leucine, phenylalanine, tryptophan, tyrosine, valine.



Table 3.7 Amino acid concentration (ng N g '1 dry soil) of balsam poplar soil horizons (0-20 cm depth). Individual horizons 
were composited from five replicate 0-20 cm soil cores in each balsam poplar plot (BP1, BP2, BP3). For each plot, bold 
indicates horizon with the highest amino acid concentration.

Plot Horizon

Horizon
depth
(cm)

Horizon
thickness

(cm) Ala Arg Asn Asp Glu Gin Gly His lie Leu Lys Met Phe Ser Thr Trp Tyr Val TFAA
/*
Oe/Oa 0.0 -1.3 1.3 194 0 97 152 184 117 84 104 73 1 00 0 29 62 1 0 6 1 0 3 0 23 119 1545

B P U
Min-1 1.3 -2.3 1.0 2 3 7 89 181 190 579 223 81 145 56 66 0 14 43 82 51 0 38 100 2 1 7 5

BOH-1 2.3 -4.6 2.3 96 55 85 40 113 66 47 42 38 45 0 9 27 47 50 23 19 51 852

^Min-2 4 .6 -20 .0 15.4 17 19 52 19 30 35 6 12 2 4 0 2 0 0 9 0 0 5 212

r
Oe/Oa 0.0 -5.3 5.3 332 51 62 231 6 1 5 148 89 168 1 0 6 9 5 0 0 64 1 62 145 0 13 169 2 4 5 0

Min-1 5.3 -7.1 1.9 45 15 21 92 115 94 0 43 8 2 0 0 0 16 8 0 0 10 470

BP2^
BOH-1 7.1 -8.0 0.9 91 47 49 62 142 58 15 91 16 8 0 5 4 26 18 0 8 23 664

Min-2

00do00 2.8 44 46 42 63 84 80 9 36 5 3 0 0 0 13 4 0 0 13 442

BOH-2 10.8-11.3 0.5 36 18 25 41 55 42 2 27 6 11 0 0 5 16 11 28 0 10 334

^Min-3 11.3-20.0 8.8 21 0 27 24 28 46 0 34 0 2 0 0 0 6 3 0 0 4 194
r
Oe/Oa 0.0 -6.0 6.0 1 18 8 3 1 4 8 4 0 9 1 1 3 7 4 6 9 2 13 3 5 5 3 0 9 2 5 9 0 20 179 4 3 8 3 0 9 0 23 5 30 5 9 8 8

BP3<!
Min-1 6.0 -9.0 3.0 15 0 0 0 58 54 0 0 0 0 0 0 0 0 0 0 3 0 129

BOH-1 9.0 -10.3 1.3 126 0 15 88 363 359 23 82 15 19 0 0 0 55 19 23 17 30 1234

^Min-2 10.3-20.0 9.7 35 0 39 8 75 81 0 0 0 0 0 0 0 0 0 0 0 1 238

Amino acid abbreviations: Ala = alanine, Arg = arginine, Asn = asparagine, Asp = aspartic acid, Glu = glutamic acid, Gin = glutamine, Gly = glycine, His = histidine,
lie = isofeucine, Leu = leucine, Lys = lysine, Met = methionine, Phe = phenylalanine, Ser = serine, Thr = threonine, Trp = tryptophan, Tyr = tyrosine, Val = valine. 

TFAA = total free amino acid (sum of concentrations for all amino acids).



Table 3.8 Amino acid concentration (ng N g’1 dry soil) of white spruce soil horizons (0-20 cm depth). Individual horizons 
were composited from five replicate 0-20 cm soil cores in each white spruce plot (WS1, WS2, WS3). For each plot, bold 
indicates horizon with the highest amino acid concentration.

Plot Horizon

Horizon
depth
(cm)

Horizon
thickness

(cm) Ala Arg Asn Asp Glu Gin Gly His He Leu Lys Met Phe Ser Thr Trp Tyr Val TFAA

^Oe/Oa 0.0 -5.4 5.4 1 40 8 0 763 4 9 5 1 41 2 1279 2 8 0 7 5 9 1 78 2 2 5 0 15 146 401 2 4 7 0 47 2 83 7 94 0

Min-1 5.4 - 9.9 4.5 24 0 34 24 32 34 6 43 0 8 0 0 3 16 23 0 8 7 262

WS1^
BOH-1 9.9 -11.3 1.4 172 28 108 106 140 73 45 91 19 14 0 0 9 45 52 0 0 27 929
Min-2 11.3-12.9 1.6 21 0 36 0 34 38 12 10 3 3 0 6 0 7 7 0 3 8 188

BOH-2 12.9 -14.2 1.3 114 62 91 60 201 146 31 123 30 36 0 0 18 42 41 0 9 35 1037
^VIin-3 14.2-20.0 5.8 14 12 25 41 27 29 9 40 3 0 0 0 0 12 4 21 0 3 239

rOe/Oa

oCOoo

3.0 1 68 2 292 5 99 8 5 2 1 50 2 1 0 8 5 2 6 0 7 63 1 2 9 1 53 0 0 116 3 6 4 1 40 0 45 2 4 2 8 2 2 3

Min-1 3.0 -4.1 1.1 87 0 52 86 84 131 0 49 4 4 0 3 0 4 10 0 0 6 520
BOH-1 4.1 -7.3 3.2 421 48 150 167 280 545 35 199 13 15 0 3 17 58 23 0 10 30 2013

WS2< Min-2 7.3 -9.9 2.6 53 21 48 21 49 116 9 62 6 4 0 0 0 3 6 0 7 16 421
BOH-2 9.9 -11.9 2.0 56 0 51 32 34 71 12 55 13 0 0 0 0 11 13 0 0 12 360
Min-3 11.9 -15.1 3.2 15 0 44 0 23 57 2 20 0 0 0 0 0 0 4 0 0 6 171

BOH-3 15.1 -16.1 1.0 33 0 79 85 43 71 0 8 16 10 0 0 0 19 4 0 0 9 377
^Min-4 16.1 -20.0 3.6 11 31 63 14 16 48 19 27 5 6 0 4 4 0 11 0 8 5 270
r
Oe/Oa 0.0 -4.6 4.6 1 67 3 0 821 7 0 7 1 9 8 9 8 7 8 222 7 7 8 2 6 5 1 4 7 0 0 196 5 2 8 3 6 4 0 81 4 4 9 9 1 0 0

Min-1 4.6 -5.8 1.2 345 0 275 284 391 399 40 113 40 35 0 0 19 63 20 0 12 52 2088

WS3<(
BOH-1 5 .8 -9 .2 3.4 341 32 216 204 323 304 20 124 36 31 0 0 33 61 46 14 15 44 1842
Min-2 9.2 -13.0 3.8 73 0 53 59 65 100 17 33 7 5 0 3 4 17 5 0 9 9 460

BOH-2 13.0-14.0 1.0 138 0 164 141 127 246 14 89 14 10 0 0 7 31 23 0 8 23 1034
JVIin-3 14.0-20.0 6.0 19 0 10 4 10 26 0 6 2 8 0 0 0 10 5 0 0 3 102

Amino acid abbreviations: Ala = alanine, Arg = arginine, Asn = asparagine, Asp = aspartic acid, Glu = glutamic acid, Gin = glutamine, Gly = glycine, His = histidine,
lie = isoleucine, Leu = leucine, Lys = lysine, Met = methionine, Phe = phenylalanine, Ser = serine, Thr = threonine, Trp = tryptophan, Tyr = tyrosine, Val = valine. 

TFAA = total free amino acid (sum of concentrations for all amino acids).
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Appendix 3.1 Statistical analysis o f differences among soil horizons (Oe/Oa, BOH, 
mineral) for the six dominant amino acid proportions (%) and concentrations (ng N g’1 
dry soil) in balsam poplar and white spruce successional stages combined. 
Concentration data were log transformed before statistical analysis. Bold indicates 
statistical significance at the p < 0.05 level.

Num. Den.
Amino acid DF DF F P
Alanine 2 1 5 4 . 5 9 0 . 0 2 7 9

Asparagine 2 15 3.23 0.0682
Aspartic acid 2 15 0.37 0.6937

Proportion Glutamic acid 2 15 0.15 0.8651
Glutamine 2 1 5 4 . 2 2 0 . 0 3 5 2

Histidine 2 15 0.07 0.9286
Sum of six dominant 

amino acids
2 15 2.94 0.0836

Alanine 2 1 5 2 8 . 7 7 < 0 . 0 0 0 1

Asparagine 2 1 5 6 . 9 7 0 . 0 0 7 2

Aspartic acid 2 1 5 1 2 . 4 9 0 . 0 0 0 6

Concentration Glutam ic acid 2 1 5 2 3 . 4 8 < 0 . 0 0 0 1

Glutamine 2 1 5 1 1 . 4 6 0 . 0 0 1 0

Histidine 2 1 5 1 0 . 9 2 0 . 0 0 1 2

TFAA 2 1 5 5 0 . 6 7 < 0 . 0 0 0 1

Num. DF = numerator degrees of freedom.
Den. DF = denominator degrees of freedom.

Sum of six dominant amino acids = sum of proportions for alanine, asparagine, aspartic acid, glutamic acid, glutamine, 
and histidine.

TFAA = total free amino acid concentration (sum of the 18 amino acid concentrations).
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Appendix 3.2 Spearman correlation matrix for soil properties and soil amino acid 
concentrations for all horizons and both successional stages combined. First value is the 
correlation coefficient, second value is the p value, and third value is the sample size. 
Bold indicates |correlation coefficient! > 0.7000. Continued on the next page.

Amino acid 
concentration 

(ng N g '1 dry soil)

Horizon
midpoint

depth
(cm)

Moisture
content

(%)

Bulk 
density 
(9 cm'3) pH % C % N C:N

C pool 
(g C m'2)

N pool
(g  N m'2)

Alanine
- 0 . 7 5 8 4

<0.0001
34

0 .7 6 5 9

<0.0001
34

- 0 . 8 8 9 9

<0.0001
34

-0.5668

0.0005
34

0 . 8 8 9 7

<0.0001
34

0 . 7 7 0 4

<0.0001
34

0 . 7 0 5 4

<0.0001
34

0.3944

0.0210
34

0.0754

0.6718
34

Arginine
-0.2470
0.1591

34

0.1648
0.3517

34

-0.1644
0.3529

34

-0.0357
0.8412

34

0.3258
0.0601

34

0.2365
0.1782

34

0.2722
0.1193

34

0.2605
0.1368

34

0.0726
0.6834

34

Asparagine
-0.5095
0.0021

34

0 . 7 6 9 9

<0.0001
34

- 0 . 7 3 1 6

<0.0001
34

-0.3274

0.0587
34

0 .7 3 1 1

<0.0001
34

0.6256

<0.0001
34

0.5398

0.0010

34

0.4267

0.0118
34

0.1650

0.3512
34

Aspartic acid
-0.6951
<0.0001

34

0 . 7 1 3 6

<0.0001
34

- 0 . 8 0 5 3

<0.0001
34

-0.5415
0.0009

34

0 .8 1 0 8

<0.0001
34

0.6755
<0.0001

34

0.6647
<0.0001

34

0.2927

0.0930
34

-0.0460
0.7960

34

Glutamic acid
- 0 . 7 8 2 9

<0.0001
34

0.6984
<0.0001

34

- 0 . 8 3 9 7

<0.0001

34

-0.4675
0.0053

34

0 . 8 4 9 4

<0.0001
34

0 . 7 3 4 9

<0.0001
34

0.6865
<0.0001

34

0.3314

0.0555
34

0.0277

0.8765
34

Glutamine
-0.6533

<0.0001
34

0 .7 5 0 3

<0.0001
34

- 0 . 8 2 7 6

<0.0001
34

-0.5878

0.0003
34

0 . 7 8 4 6

<0.0001
34

0.6553

<0.0001
34

0.6367

<0.0001
34

0.3528

0.0407
34

0.0402

0.8214
34

Glycine
-0.6212
<0.0001

34

0 .7 4 4 9

<0.0001
34

- 0 . 7 8 6 9

<0.0001
34

-0.2257
0.1993

34

0 . 8 0 5 5

<0.0001
34

0 . 7 6 2 3

<0.0001
34

0.5025
0.0025

34

0.4797
0.0041

34

0.2913
0.0947

34

Histidine
- 0 . 7 1 0 1

<0.0001
34

0 .7 2 7 2

<0.0001
34

- 0 . 8 2 2 2

<0.0001
34

-0.4957

0.0029
34

0 .8 3 6 1

<0.0001
34

0.6905

<0.0001
34

0 . 7 1 3 0

<0.0001

34

0.3991

0.0194

34

0.0469

0.7921

34

Isoleucine
-0.6794

<0.0001
34

0 .8 2 8 6

<0.0001
34

- 0 . 8 0 9 5

<0.0001
34

-0.3368
0.0514

34

0 . 9 1 6 5

<0.0001
34

0 .8 3 8 3

<0.0001
34

0.5315
0.0012

34

0.4387
0.0094

34

0.1857

0.2930
34

Leucine
-0.6480
<0.0001

34

0 . 7 3 4 4

<0.0001
34

- 0 . 7 3 7 8

<0.0001
34

-0.2821

0.1061
34

0 .8 4 7 3

<0.0001
34

0 . 7 7 0 2

<0.0001
34

0.5204
0.0016

34

0.4378
0.0096

34

0.1894
0.2833

34
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Appendix 3.2 c o n t in u e d .

Amino acid 
concentration 

(ng N g '1 dry soil)

Horizon
midpoint

depth
(cm)

Moisture
content

(%)

Bulk 
density 
(g cm'3) pH % C % N C:N

C pool 
(g C m'2)

N pool 
(g N m'2)

Lysine
ND
ND

34

ND

ND
34

ND

ND
34

ND

ND
34

ND

ND
34

ND

ND

34

ND
ND

34

ND

ND

34

ND

ND

34

Methionine
-0.3542

0.0398
34

0.2102

0.2328
34

-0.3037

0.0808
34

0.0580
0.7447

34

0.2630
0.1330

34

0.3764
0.0282

34

-0.0617

0.7290
34

0.1903
0.2811

34

0.3381

0.0505
34

Phenylalanine
-0.6659

<0.0001
34

0.7316
<0.0001

34

-0.7611
<0.0001

34

-0.2955
0.0898

34

0.8259
<0.0001

34

0.7038
<0.0001

34

0.6390

<0.0001
34

0.4539

0.0070
34

0.1584

0.3708
34

Serine
-0.6974

<0.0001
34

0.7390
<0.0001

34

-0.8278
<0.0001

34

-0.3813

0.0261
34

0.8684
<0.0001

34

0.7892
<0.0001

34

0.5749
0.0004

34

0.3539
0.0400

34

0.0972
0.5844

34

Threonine
-0.6982
<0.0001

34

0.7315
<0.0001

34

-0.7863
<0.0001

34

-0.2591
0.1390

34

0.8474
<0.0001

34

0.7667
<0.0001

34

0.5678

0.0005
34

0.4532
0.0071

34

0.1959
0.2670

34

Tryptophan
0.0689
0.6984

34

-0.0503
0.7774

34

0.0916
0.6066

34

0.0482

0.7866

34

0.0608

0.7329

34

0.0712

0.6890
34

-0.0474

0.7903

34

-0.0176
0.9213

34

-0.0231

0.8969
34

Tyrosine
-0.6914
<0.0001

34

0.7413
<0.0001

34

-0.7864
<0.0001

34

-0.2736
0.1175

34

0.7523
<0.0001

34

0.7183
<0.0001

34

0.4206
0.0133

34

0.4027
0.0182

34

0.2352

0.1806
34

Valine
-0.7578
<0.0001

34

0.8069
<0.0001

34

-0.8468
<0.0001

34

-0.3821

0.0258
34

0.9160
<0.0001

34

0.8433
<0.0001

34

0.5774

0.0003
34

0.4234

0.0126
34

0.1714

0.3325
34

TFAA
-0.7479
<0.0001

34

0.7928
<0.0001

34

-0.8695
<0.0001

34

-0.4841
0.0037

34

0.8961
<0.0001

34

0.7624
<0.0001

34

0.6718
<0.0001

34

0.3861
0.0241

34

0.0480
0.7875

34

TFAA = total free amino acid concentration (sum of the 18 amino acids). 
ND = not detected (lysine concentration = 0.0 ng N g '1 dry soil).
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CHAPTER 4:

GENERAL CONCLUSIONS

Study conclusions

The role of organic nitrogen (N), particularly amino acids, in meeting the 

nutritional requirements of plants in N-limited ecosystems has received much recent 

attention. The main objective of my research was to identify which amino acids are the 

major constituents of the organic N pool of the boreal forest in interior Alaska. 

Identifying the different N forms is an important step to advance our basic understanding 

of the terrestrial N cycle.

The two studies presented in this thesis investigated the landscape, temporal, and 

vertical patterns of soil amino acids across the Tanana River successional sequence. The 

successional sequence encompassed a natural gradient of terrace age, plant productivity, 

soil physicochemical characteristics (e.g., organic matter content, pH, temperature, bulk 

density, C and N concentrations), and a transition from shrub to tree dominance and from 

deciduous to coniferous species. My overall hypothesis was that successional differences 

in vegetation inputs and soil physicochemical characteristics would result in differences 

in soil amino acid composition and concentration across the successional sequence, over 

the growing season, and among the different soil horizons.

fn the first study (Chapter 2), I examined the composition, concentration, and 

seasonal patterns o f soil amino acids across the Tanana River successional sequence. Soil 

was collected from five stages (willow, alder, balsam poplar, white spruce, and black 

spruce) of the floodplain successional sequence; and water-extractable amino acid 

composition and concentration were determined by HPLC. Contrary to my original 

hypothesis, the composition of the soil amino acid pool did not significantly change 

across succession, frrespective of successional stage, the soil amino acid pool was 

dominated by the same six amino acids: alanine, asparagine, aspartic acid, glutamic acid, 

glutamine, and histidine. These six dominant amino acids accounted for roughly 80% of
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the soil amino acid pool and included a range of molecular sizes, C:N ratios, charges, and 

polarities. However, in support of my original hypothesis, the concentration of soil amino 

acids increased across the successional sequence, where amino acid concentrations were 

an order of magnitude higher in coniferous-dominated late successional stages than in 

early deciduous-dominated stages. In addition, amino acid concentrations in organic 

horizons (combined forest floor and buried organic horizons) were an order of magnitude 

greater than in mineral horizons. The successional and horizon differences in soil amino 

acid concentrations highlight the importance of organic matter in potentially providing 

larger quantities of substrate for production of amino acids, or a better environment for 

microorganisms to produce exoenzymes. In contrast to my original hypothesis and 

despite major seasonal changes in plant productivity, litterfall, microbial freeze-thaw 

flushes, and soil temperature, the composition and concentration of the soil amino acid 

pool was generally constant over the growing season for all successional stages.

In the second study (Chapter 3), I examined the distribution o f soil amino acid 

composition and concentration with depth and assessed differences among the forest 

floor, buried organic horizons (BOHs), and mineral soil in the mid-successional stages of 

balsam poplar and white spruce. Contrary to my original hypothesis, the composition of 

the amino acid pool was remarkably similar among the forest floor, BOHs, and mineral 

horizons. In each horizon of both successional stages, the soil amino acid pool was 

dominated by alanine, asparagine, aspartic acid, glutamic acid, glutamine, and histidine. 

In support of my original hypotheses, concentration of amino acids followed the horizon 

series Oe/Oa > BOHs > mineral. In both successional stages, amino acid concentration 

declined rapidly with depth, with roughly 80% of TFAA concentration in the 0-20 cm 

soil depth located within the top 6 cm. This suggests that the majority o f soil amino acids 

originate from aboveground litter inputs, and/or an active microbial community within 

the forest floor horizon.

The most interesting finding of my research is not the differences, but the 

similarities of soil amino acid composition across the successional sequence, over the 

growing season, and among the different soil horizons. Despite major differences in
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terrace age, vegetation inputs, productivity, seasonal dynamics, and soil properties, the 

composition of the amino acid pool was remarkably similar in each of the five 

successional stages, over the growing season, and in the forest floor, BOHs, and mineral 

horizons. In all successional stages, months, and horizons, the amino acids alanine, 

asparagine, aspartic acid, glutamic acid, glutamine, and histidine accounted for roughly 

80% of the total amino acid pool. Even when there was an order of magnitude difference 

in amino acid concentration among successional stages or the different soil horizons, the 

amino acid pool was dominated by the same individual amino acids. The similar amino 

acid composition suggests that soil amino acids originate from a common source or 

through similar biochemical processes, yet elucidating which ecosystem components 

(e.g., overstory or understory plant litter, plant root exudation, microorganisms) or 

ecosystem processes regulate a particular amino acid needs further investigation.

Future research

Results of this study as well as research from other ecosystems indicate that the 

spectrum of amino acids that commonly comprise the soil amino pool includes alanine, 

asparagine, aspartic acid, glutamic acid, glutamine, and histidine. Therefore, I strongly 

urge that future investigations of amino acid uptake incorporate a broad spectrum of 

amino acids that include a range of molecular sizes, charges, polarities, and reflect the 

composition of the soil amino acid pool. I also urge the continued practice of field or in 

situ studies that measure amino acid uptake and ecosystem processes in natural 

environmental conditions that include intact root systems and rhizosphere competition 

(Schimel and Chapin, 1996; Nasholm et al., 1998; McFarland et al., 2002). It is only 

through these ecologically meaningful assessments that we will begin to fully understand 

the implications of amino acid uptake in the N economy of ecosystems.

Finally, the similar amino acid composition across the successional sequence of 

varying age, plant species, productivity, N availability, and soil physicochemical 

characteristics raises the questions:

1) What is the origin of specific soil amino acids?
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2) What processes are controlling their individual abundance?

These questions may be addressed with further plant and microbial uptake studies, pool 

dilution techniques, and amino acid turnover experiments with the continued use of stable 

isotopes, radioactive and duel-labeled (13C and 15N) amino acids, and potentially amino 

acid stereoisomers. Determination of amino acid stereoisomers may help partition out 

microbial- and plant-derived amino acids, as plant and animal proteins are generally the 

L- conformation, whereas D-amino acids commonly occur in the peptidoglycan cell wall 

of bacteria (Lehninger et al., 1993; Stepanauskas et al., 2000; Amelung and Zhang, 2001; 

Browdowski et al., 2004). In addition, high proportions o f D-isomers have also been 

suggested to be more prevalent in old and refractory organic material (Stepanauskas et 

al., 2000; Browdowski et al., 2004), which may help determine whether certain amino 

acids are preferentially taken up or remain recalcitrant in the soil, as well as provide 

insight into the long-term turnover of the soil amino acid pool.

Significance of this study

The research summarized in this thesis is a comprehensive analysis of soil amino 

acid composition that encompasses a complete, replicated primary successional sequence 

exceeding 300 years, and includes plant genera that are ubiquitous across the world’s 

boreal forest. This is the first study to provide baseline information about soil amino 

acids in the boreal forest of Alaska, and to my knowledge, this is one of only two studies 

of its kind for boreal forests worldwide. Results of this study further demonstrate that 

amino acids are important components of the biogeochemical diversity of N forms in 

boreal forests. This research contributes to our understanding of the fundamental 

mechanisms of N biogeochemical cycles in boreal forests by identifying the different N 

forms available for inputs, uptake, transfers, and losses. Such knowledge is essential to 

our comprehension of ecosystem processes that affect forest productivity and response to 

disturbance.
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