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Forest Vegetation Management (VM) is an important tool used in the Pacific Northwest 

(PNW) for reforestation. It has been well documented that VM increases seedling survival and 

crop tree volume growth. What is less understood, is how altering the plant community and 

successional trajectory affects the way the ecosystem uses and distributes nutrients in the long 

term. In this study, we investigate long-term effects of vegetation management on nutrient 

concentration and content of various tissues and ecosystem components of Douglas-fir, western 

hemlock, western redcedar, and grand fir growing in Oregon’s central Coast Range (CR) and 

Douglas-fir and western redcedar growing in Oregon’s Cascade mountain foothills (CF) under 

two contrasting VM treatments. This is the first study of its kind to investigate how VM affects 

distribution of several nutrients throughout both plant derived tissue and soil. 

The two VM treatments represent operational extremes of VM regimes and consist of: 

Control, which received no herbicide application post planting, and VM, which received five 

years of spring release herbicide application. Both treatments include a fall site preparation 
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herbicide application. The ecosystem was broken down into crop trees (separated into foliage, 

live branches, stembark, and stemwood), midstory species (separated into foliage and stem), 

understory, forest floor, fine roots, and mineral soil (with depth increments 0.0-0.2 m, 0.2-0.4 m, 

0.4-0.6 m, and 0.6-1.0 m). Samples of crop tree, understory, forest floor, and soil from 0.0-0.2 m 

samples were taken during the 16th and 17th growing season (the CF site was planted one year 

later). Midstory and remaining mineral soil samples were collected during the 18th and 19th 

growing season.  

 All samples were analyzed for concentration of carbon (C), nitrogen (N), phosphorus (P), 

potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), boron (B), copper (Cu), iron (Fe), 

manganese (Mn), sodium (Na), and zinc (Zn). Concentrations of CNS for all samples was 

determined by dry combustion. The remaining nutrients were determined by inductively coupled 

plasma optical emission spectroscopy (ICP-OES) from dry ash extractions (for plant tissue) and 

nitric acid microwave digestion (for determination of total soil nutrients). These concentrations 

were scaled to tissue content using empirically derived biomass equations from Gonzalez-

Benecke et al. (2018) and updated biomass measurements taken at year 16 by Flamenco et al. 

(2019). 

VM effects on tissue concentration varied by nutrient, overstory species (species), tissue, and 

site. Forest floor and crop tree stembark, followed by fine roots, were the tissue types that 

showed the greatest number of treatment effects (greatest number of nutrients affected) across all 

species. Soil concentrations were generally unaffected by treatment, except for surface soil 

concentrations of Mg, and Ca (which were only significant for certain species) and deep soil 

carbon and N (which was only detected for Douglas-fir at the CR site). All detectable 

concentration differences between treatments showed higher concentrations in VM plots. The 

exception to this trend was soil N for WRC at the CR site which had significantly lower 

concentrations in VM plots for the 0.2-0.4 and 0.4-0.6 depth increments. Soil concentrations 

showed much greater variation between sites than between species or treatments.  

VM effects on total plant derived nutrients masses were more prominent than differences in 

concentrations. Ca was the only nutrient for which all species showed higher plant derived 

masses in the VM condition. Plant derived tissue content of, C, Cu, P, and B, all tended to be 

higher in VM plots, with the exception of western redcedar plots at the CR site. This case was an 
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outlier due to the fact that Control plots developed significantly more biomass due to high 

midstory biomass, whereas the VM plots developed relatively little midstory and crop tree 

biomass. There were few differences in soil content between species and treatments, and those 

that were significant were unable to be explained by differences in uptake by plant species. 

Notably, total soil N of WRC at the CR site, however was significantly lower for VM plots. This 

may indicate the potential for VM applied to a slow growing species, such as WRC, to reduce 

ecosystem retention of N. With the exception of C and N, total soil nutrient reserves were orders 

of magnitude greater than total plant derived masses. This indicated that there is low probability 

of an adverse effect of VM on soil nutrient stores. 

Treatment effects on foliar nutrition varied by site and species, though crop trees at the CF 

site tended to have diluted concentrations of P and K and increases in Ca, Mg, and Fe in the VM 

treatment. Nutrient use efficiency (NUE) for the different stands was computed from ratios 

between the mass of all plant derived carbon and all other plant derived nutrients. VM 

significantly increased the NUE of N, P, Mg, S, and Cu across all species. When the NUE was 

calculated with only the carbon stored in crop tree stemwood, VM increased the NUE of all 

nutrients. 

The results of this analysis indicate that sustained VM during the first five years of stand 

establishment affected nutrient content of various pools more than concentration, though both 

tissue concentration and content vary more strongly by site and species. While total plant derived 

masses of Ca, C, Cu, P, and B all tended to be higher in VM plots, trends varied greatly by 

nutrient, site, and species. Overstory species exert control over the nutrient requirements of the 

ecosystem, but VM does tend to increase the NUE, especially with respect to N, P, Mg, S, and 

Cu. Stands growing under sustained competing vegetation control did tend to produce more 

harvestable and plant-derived carbon per unit nutrient fixed in plant tissues, improving the 

efficiency of nutrient use for stands that are being managed for carbon sequestration as well as 

for timber harvest. While total soil reserves were generally unaffected by VM treatment and are 

unlikely to be adversely affected by VM in the long term, it is possible that VM can reduce soil 

N retention for slow growing species like WRC. Managers can use this information to make 

better decisions about site preparation treatments. 
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1 Introduction and Literature Review 

1.1 Introduction 

Timber is an important sustainable material that has many uses. As a construction 

medium it is unique in that it is carbon neutral and renewable, and replacing other building 

materials with it may be an effective was to combat climate change (Sathre and O’Connor, 

2010). Forest management increases forest ecosystem benefits, which helps satisfy production 

demand while maintaining other values that society puts on forests (O’Hara, 2016; Vierikko et 

al., 2008). One, increasingly common idea in forest management is the triad approach, which 

suggests that forested lands be divided into three overarching management regimes (Seymour 

and Hunter, 2016). It divides the landscape into high intensity production forestry on lands that 

are amenable, extensive management on forests that are not amenable to intensive management, 

and lands in reserve that are minimally managed to meet recreation and biodiversity conservation 

needs. This study is focused on high intensity plantations where silviculturalists are developing 

increasingly more intensive management regimes in order to maximize profit and meet 

production demand (Fox et al., 2007; Vance et al., 2010). 

Trees, and plants in general, serve an important role in the ecosystem as primary 

producers. They are the main terrestrial organisms capable of converting solar energy into 

chemical energy which serves as the source of energy for all secondary producers in an 

ecosystem. This capacity to capture energy and turn it into biomass and stored energy is 

measured by net primary productivity (Perry et al., 2008). Certain conditions need to be met so 

that trees can continue to produce the biomass that humans harvest for our own needs, and on 

which ecosystem functions depend. While there are many factors that play into primary 

productivity, the most basic requirements are: light, water, and nutrient availability. Light serves 

as the energy source, water serves as the solvent in which the chemistry of life occurs, and 

nutrients are combined to make the very chemicals needed for biological functions (Perry et al. 

2008).  

In order for timber to be harvested continually, harvest practices must be sustainable. 

While there are many definitions and nuances to the concept of sustainability (e.g. ecological 

sustainability, economic sustainability and cultural sustainability), one of the fundamental 

aspects with regards to sustainable forestry is long term productivity (Vierikko et al., 2008). In 
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order to achieve this goal, management activities must maintain certain aspects of the ecosystem 

to ensure continued productivity. To do this, we must understand how forest management 

practices alter ecosystem processes that are important for sustained primary production, such as 

nutrient cycling (Vierikko et al., 2008).  

Nutrient cycling is an important ecosystem process as it controls the rate at which 

nutrients are supplied to trees (Cole, 1995; van Breemen, 1995). If this process is disrupted, it 

may lead to lower cycling rates which could result in less nutrient availability to trees, resulting 

in reduced productivity (Attiwill and Adams, 1993; Kershaw et al., 1996; Perry et al., 2008). In 

order to ensure sustained productivity, nutrient use must be sustainable. Research on the effects 

of silvicultural treatments has shown that long term effects vary based on intensity and frequency 

of removal as well as on site characteristics and planted species (Hoepting et al., 2011; Slesak et 

al., 2016; Vadeboncoeur et al., 2014). In order to ensure long term nutrient supply, it is important 

to study the effects that these treatments might have and how they may vary across sites and 

species.  

1.2 Literature Review 

1.2.1 Forests of the Pacific Northwest 

The Pacific Northwest, a region that stretches from northern California to British 

Columbia, is known for its coniferous forests. They are considered valuable for recreation and as 

a source of timber. A state study in Oregon reported that outdoor recreation generates $12.8 

billion a year in consumer spending, in addition to creating over 100,000 State jobs and almost 

$1 billion in state tax revenue (Oregon Parks and Recreation Department, 2017). In addition to 

recreation, the state of Oregon has led the nation in softwood lumber and plywood production for 

several years, followed by Washington. The forest products industry in Oregon employed over 

60,00 people in 2019 and generated $8.1 billion in GDP (Oregon Forest Resources Institute, 

2019a). The state has almost 300 million acres of forest, most (60%) owned by the federal 

government. Large private landowners, which only make up 22% of acreage, account for more 

than 60% of timber harvest (Oregon Forest Resources Institute, 2019b).  

The Douglas-fir is the most iconic species of the region, for its prominence both as a 

timber species and because of its dominance over large areas of landscape. It accounted for 70% 

of harvested volume in 2013. The next most significant species is western hemlock accounting 
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for 11%, followed by true firs which accounted for 8%, followed by pine, cedar and spruce 

(Simmons et al., 2014). 

There are three main forest ecotypes important for timber production in the Pacific 

Northwest- the Pacific Coastal Ranges, the Cascade Mountains, and the dry interior forests (the 

latter of which will not be covered here). The Pacific Coastal Ranges, including the Oregon 

Coast Range and the Olympic mountains, are known for high rainfall (sometimes exceeding 

2,000 mm annually) and productivity. The Cascade Mountains are a large mountain range 

influenced by volcanic activity which receive lots of winter precipitation but experience long 

summer drought. Forests in these ranges typically have thick organic layers and mineral soils 

high in organic matter (20-30%). These forests are traditionally thought to be nitrogen limited, 

and fertilization with urea is a common silvicultural treatment. However, many stands do not 

demonstrate a positive growth response to nitrogen fertilization (Mainwaring et al., 2014).  

The Oregon Forest Practices act was passed in 1971, and similar regulations were soon 

established in Washington and California, though there are differences from state to state. One 

important aspect of these laws is that they regulate the amount of time between harvest and 

regeneration. In Oregon, trees must be “free to grow” six years after harvest. In order to meet this 

and other regeneration requirements, managers often turn to intensive forest management 

practices to ensure rapid plantation establishment. Though there is not as long of a history of 

intensive management as there is in the loblolly pine plantations in the Southeastern United 

States, commercial forest management regimes are becoming more intensive for private 

landowners. Seedling genetic improvement, harvest residues management, herbicidal vegetation 

management, thinnings and urea fertilization are common silvicultural treatments for intensively 

managed forests in this area (Vance et al., 2010).  

1.2.2 Forest Nutrition 

Plants need nutrients to function. Nutrients play key roles in biotic processes by forming 

cellular structures and assisting important cellular functions. They make up cell walls and 

membranes that are required to maintain for plant structure (Marschner and Marschner, 2012; 

Pallardy, 2008). As DNA, they store the information needed for plants to perform essential biotic 

processes from beginning to end of their life cycles. As enzymes and cofactors, they manipulate 

the chemical environment of the cell in a controlled manner in order to maintain suitable 
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conditions for life. As metabolites, they serve as a way to store energy as well as transport it 

throughout the organism. Essential plant nutrients are generally divided into two categories, 

macronutrients and micronutrients, depending on relative amount required (Marschner and 

Marschner, 2012; Pallardy, 2008). 

Macronutrients are required in large amounts and generally play a structural role in the 

organism or play a role in cellular processes that are so ubiquitous they are required in large 

amounts. These seven nutrients are: carbon, nitrogen, phosphorous, potassium, calcium, 

magnesium, and sulfur (Brady and Weil, 2016). Carbon (along with as hydrogen and oxygen, 

which will not be focused on here) forms the backbone of most important structural molecules- 

particularly cellulose in plants. These same three elements form sugars and other forms of 

reduced carbon that serve as energy stores for the plant. Nitrogen (N) is incorporated into the 

backbone of all proteins, which may serve a structural or biochemical role. The most abundant 

protein in plants is the enzyme rubisco, which is used in the Calvin cycle to catalyze the first step 

of carbon fixation (Pallardy, 2008). Nitrogen and phosphorous (P) are part of the structure of 

nucleic acids such as DNA and ribosomes (the machinery used to make proteins) (Marschner and 

Marschner, 2012). Potassium (K) is important in many processes, including protein synthesis, 

maintaining turgor pressure, and stomatal regulation. Calcium (Ca) is key in stabilizing 

membranes, as a component of secondary cell walls, and acts as a strong secondary messenger in 

certain plant signaling pathways (Hepler and Winship, 2010; Marschner and Marschner, 2012). 

Magnesium (Mg) plays its primary role in cellular chemistry. It coordinates the phosphate 

moieties of ATP (and other phosphate containing metabolites) better than any other element and 

is important for any cellular energy transfer that oxidizes or reduces phosphate (Pallardy, 2008). 

Additionally, there is one magnesium ion coordinated at the center of every chlorophyll molecule 

(Marschner and Marschner, 2012). Sulfur (S) is an essential constituent of several amino acids 

(methionine and cysteine) which serve special functions in proteins due to the unique redox 

chemistry of this nutrient. 

Micronutrients are generally used by enzymes to catalyze some biochemical function. 

Since they are not widely used in structural elements and are only used for specific biochemical 

reactions, they are required in much smaller amounts than the macronutrients (Marschner and 

Marschner, 2012; Pallardy, 2008). The exact list of micronutrients depends on the kingdom of 
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life being studied and the reference material. This study is concerned with the following six 

micronutrients: boron, copper, iron, manganese, sodium, and zinc. The function of boron (B) in 

plants was poorly understood for years, but it is now understood that it is important in cell 

division (Marschner and Marschner, 2012; Perry et al., 2008). Copper (Cu) is required for 

structure of important metabolic proteins in both the chloroplast and mitochondria as well as a 

cofactor in proteins that mediate oxidative stress. Iron (Fe) is notable in plants for its function in 

photosynthesis. Ferredoxin, an abundant iron containing protein, is an important part of the 

electron transport chain (Pallardy, 2008). Manganese (Mn) is also an important redox agent in 

photosynthesis. It is part of the enzyme complex that splits water molecules to produce gaseous 

oxygen, the reaction that serves as the source of electrons for the electron transport chain. 

Sodium (Na) is not considered an essential plant nutrient; however, it is a common cation in soil 

solution and is often used to maintain osmotic balance (Binkley and Fischer, 2013; Marschner 

and Marschner, 2012). Zinc (Zn) is an important structural and regulatory factor for a wide 

variety of enzymes (Marschner and Marschner, 2012; Pallardy, 2008).  

A lack of any given nutrient can lead to nutrient deficiencies and limit production. 

Leibeg’s Law of the Minimum states that a system is only as productive as its most limiting 

nutrient allows. This idea of single-nutrient limitation has guided thinking about forest nutrition 

in the Pacific Northwest for decades, but it is now becoming clear that co-limitation of 

ecosystems is common (Harpole et al., 2011). While some studies have shown response to 

phosphorous fertilizer application, another common limiting nutrient, there is sparse information 

about forest nutrition of other nutrients (Mainwaring et al., 2014). These nutrients are not 

unlimited, and their availability to plants are modulated by many important and often 

complicated processes. 

1.2.3 Nutrient Cycling 

Nutrients, with the exception of carbon (C), are largely taken up by plant roots and 

associated mycorrhizae (Marschner and Marschner, 2012). Plants and certain microorganisms 

are unique in their ability to uptake inorganic forms of nutrients and fix them into organic forms. 

Nutrients can be stored in the soil in many different forms, depending on the chemistry of the 

nutrient. Nutrients that are soluble can be found freely dissolved in the soil solution and are easy 

for plants to access, though this pool is often a small portion of the total pool. Some nutrients can 
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be found bound to soil particles by a large variety of interactions (Binkley and Fischer, 2013; 

McBride, 1994). Clay particles have negatively charged surfaces and organic matter often has 

negatively charged acidic functional groups. Nutrients with positive charges can adsorb to the 

surface of these particles or to negatively charged organic matter (the amount of positively 

charged ions a soil can hold is known as the cation exchange capacity). Depending on the exact 

chemistry of this interaction, these nutrients are generally readily exchangeable with the bulk soil 

solution. Plants and other organisms secrete protons and other cations to displace these nutrients 

from the exchange complex and make them available for uptake (Brady and Weil, 2016; 

McBride, 1994). 

Some nutrients are derived from primary minerals, which are bound in the parent material 

of the soil and become available through weathering. This process can be relatively slow, though 

plants and other soil organisms are capable of accelerating it locally (Brady and Weil, 2016). 

They may also be stored in secondary minerals, which form as soils age and minerals precipitate 

from solution(McBride, 1994). Organic matter is a significant source of soil nutrients. It is 

derived from dead organic tissue and its nutrients are made available through decomposition and 

enzymatic activity that breaks these complex organic molecules into simple compounds ready for 

uptake (Binkley and Fischer, 2013). Some of these nutrients are easily accessible, but over time 

they can become tied up in recalcitrant complexes that have very slow turnover rates. In highly 

weathered soils like the tropics, organic matter is a significant source of nutrients (Perry et al., 

2008).  

Nutrients are cycled in interacting cycles on multiple scales. The influential model 

developed by Switzer and Nelson categorizes these processes into three different cycles on 

different spatial and temporal scales (Switzer and Nelson, 1972). The largest scale, the 

geochemical cycle, considers geochemical processes that serve as outputs and inputs into the 

system. Inputs to and exports from an ecosystem occur by exchanges with the atmosphere- by 

deposition, respiration and volatilization- with the lithosphere- by weathering and precipitation 

(formation of secondary minerals)- and from the hydrosphere- by leaching, sea spray, erosion 

and rainfall. On a smaller scale, the biogeochemical cycle, nutrients are cycled within an 

ecosystem by interactions between plants and the soil (Perry et al., 2008). Nutrient capital within 

the ecosystem is taken up by plants and then by secondary producers and cycled back when 
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organisms die or produce litter. This litter is then degraded and made available again for uptake 

by primary producers or detritivores. Nutrients are also cycled within a living organism, a 

process known as the biochemical cycle. In order to produce new foliage and new flushes of fine 

roots, plants mobilize nutrients from places they are not needed (Marschner and Marschner, 

2012; Pallardy, 2008). Before trees shed their foliage, they remove as much of the nutrient 

content as they need. In conifers, needles decline in almost every nutrient as they age, with the 

exception of calcium which increases (Marschner and Marschner, 2012). Plants also mobilize 

nutrients from areas they are not needed to areas of active growth. Each nutrient has different 

cycles that are specific to its chemistry, use in plants, and origin (Perry et al., 2008). 

Carbon is unique among other nutrients as its primary source is the atmosphere as CO2 

and its uptake is through leaves, instead of roots. While some C containing metabolites are taken 

up by roots or exchanged between roots and mycorrhizae, recycled carbon is a very minor source 

of plant biomass (Marschner and Marschner, 2012; Pallardy, 2008). C in litterfall is utilized by 

heterotrophs in the forest floor and soil for energy and for structure, however it is primarily 

cycled back to the atmosphere as organisms respire (Marschner and Marschner, 2012; Perry et 

al., 2008).  

Nitrogen, while present in large quantities in the atmosphere, only added to an ecosystem 

through atmospheric deposition and the activity of certain specialized microorganisms. In 

managed landscapes, fertilization in the form of urea or other chemicals is another important 

source of nitrogen input (Binkley and Fischer, 2013; Brady and Weil, 2016). These processes 

produce ammonia that turns to ammonium when protonated, and can be converted further to 

nitrate via nitrification. In acidic forest soils, nitrification is inhibited and ammonium is the most 

common form of plant accessible nitrogen. Both nitrate and ammonium are soluble which makes 

them susceptible to loss via leaching- this is especially true of nitrate, as it is negatively charged 

and cannot interact with the wide variety of negative charges in soil (Binkley and Fischer, 2013; 

Perry et al., 2008). N may also be lost from the system by denitrification, a process where 

anaerobic bacteria use nitrate as an electron acceptor, ultimately releasing it as N2 gas (Perry et 

al., 2008). N is largely cycled locally, with litterfall being the primary source of N for plant 

uptake- especially in places where deposition and fixation rates are low (Brady and Weil, 2016). 

The forest floor, however, can serve as a N sink. As heterotrophs degrade organic matter, they 
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preferentially consume carbon, enriching the content of nitrogen and other minerals in (Piatek 

and Allen, 2001). In Oregon, atmospheric deposition rates are generally low, but may be elevated 

in the Oregon Coast Range (National Atmospheric Deposition Program. 2020). However, a large 

N gradient across the Oregon Coast range is created by legacies of N fixing alder, though this 

species is often not present in intensively managed plantations (Hynicka et al., 2016; Perakis et 

al., 2006). 

Mg K Ca Na are stored in parent material and become accessible through weathering, 

precipitation, and ocean spray (Binkley and Fischer, 2013). Mg K and Ca are known as the base 

cations, and are all macronutrients that are primarily found as cations in the soil (Na is also a 

cation but not a macronutrient) (Marschner and Marschner, 2012). Since they are found in nature 

as cations, they interact with negatively charged clays and organic matter which prevents 

leaching unless soils are saturated. Soils with higher cation exchange capacity are better at 

maintaining these nutrients (Binkley and Fischer, 2013; McBride, 1994). Both Mg and Ca have 

fairly large mineral reserves, depending on parent material (Binkley and Fischer, 2013). 

Weathering rates can be slow in forest soils, though mass balance studies show that they are an 

important source for long term biomass growth (Uroz et al., 2009). Aboveground litter serves an 

important source for Ca, K, and Na. However, since they are mobile and highly soluble, they are 

subject to leaching and often do leave the ecosystem in large quantities (Sollins et al., 1980). Of 

these nutrients, Ca cycling in particular has been tied with N cycling though similar trends have 

also been observed for Mg and K. When N supply is higher than demand, Ca and N leach in high 

quantities which may deplete soil Ca stores, (Homann et al., 1992; Hynicka et al., 2016; Perakis 

and Pett-Ridge, 2019). 

K is added to an ecosystem mainly by weathering, but also may be added by rainfall, 

which is relatively dilute. K is a constituent of various types of clays and minerals and its 

availability in the soil depends on the composition and abundance of these substances 

(Marschner and Marschner, 2012). K is very mobile in soils and in plant matter. It leaches 

readily from litter, which may be the largest source in a forest (compared to contributions from 

parent material, rainfall, and deposition) (Brady and Weil, 2016; Sollins et al., 1980).  

Phosphorous is unique amongst other nutrients in its low solubility and negative charge. 

The low solubility makes it much less susceptible to leaching. It also means that it is less 
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available through weathering and is often stored in forms that are harder for plants to access 

(Binkley and Fischer, 2013; McBride, 1994). Indeed, plants and soil organisms devote a large 

amount of energy to weathering P from primary minerals or from organic matter. P solubility 

changes with soil pH. At pH above 7, P forms insoluble complexes with divalent cations such as 

Ca. At more acidic pH, which is generally more relevant to forest soils, P forms insoluble 

complexes with aluminum and iron(Binkley and Fischer, 2013; McBride, 1994). Organic 

molecules in the soil can interact with aluminum and iron particles, shielding phosphorous from 

sorbing. Plants and mycorrhizae secrete small organic compounds to displace this adsorbed P 

and increase its availability. Plants and soil microorganisms also scavenge P from organic matter 

by secreting phosphatases into the soil, liberating accessible phosphate moieties (Binkley and 

Fischer, 2013; Brady and Weil, 2016). As soils age, P stores in primary minerals decline, and 

more phosphorous is stored in recalcitrant organic matter complexes (Compton and Cole, 1998). 

Since the forms in the soil are often hard to access, P is largely locally cycled, meaning that its 

main source in mature forests is litter (Perry et al., 2008; Sollins et al., 1980). This is especially 

true in the tropic where highly weathered soils are full of iron and aluminum that immobilizes 

most phosphorous in the soil (Perry et al., 2008). 

Sulfur is added to ecosystems both via wet and dry deposition as well as mineral 

weathering (Brady and Weil, 2016). Deposition is especially important in areas where industrial 

pollution is high, though this type of pollution has been on the decline in many countries due to 

environmental regulations (Brady and Weil, 2016). Depending on location, input from deposition 

may be greater than the amount returned to the soil by litterfall (Marschner and Rengel, 2012). In 

areas with high organic matter, a large amount of S can be stored in organic complexes in the 

surface layers of soil. It can also be stored in anion exchange complexes, especially in weathered 

soils with high Al and Fe content (Johnson, 1984; Marschner and Rengel, 2012). Depending on 

minerology of a site, it can be stored in weatherable minerals such as gypsum, though certain 

parent material and soil series have low inorganic S reserves. When soils are saturated, leaching 

is common and losses are often equivalent to inputs from deposition (Brady and Weil, 2016).  

Micronutrients are also sourced from parent material, though they are required in smaller 

amounts and harder for plants to access. Most information about micronutrient cycling comes 

from agricultural systems (Brady and Weil, 2016; Marschner and Rengel, 2012). Some forests 
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are known to be limited by micronutrients, such as radiata pine plantations which are often 

fertilized with B (Lambert et al., 1997; Stone, 1990). B is taken up by plants as boric acid or 

borate, which may be bound up in insoluble complexes with iron oxides. Metallic micronutrients 

can exist in the soil in many oxidation states, though typically are more available in their reduced 

forms and are more soluble at lower pH (Brady and Weil, 2016; Marschner and Marschner, 

2012). Fe and Mn are the most abundant micronutrients in soil and are generally found as oxides 

in soils but can also be major structural components of silicate minerals. While these nutrients 

are the most abundant, they are often in inaccessible forms. Zn can be found as substitute 

elements in silicates and clays. Micronutrients are also stored in organic matter complexes, 

especially Cu, Mn, and Zn, though these may be held in tight complexes (Brady and Weil, 2016; 

Marschner and Marschner, 2012). In order for plants and soil organisms to uptake heavy metals 

(Cu, Fe, Mn, Zn), they secrete chelating agents and may decrease local soil pH which help 

increase solubility and ease of transport. 

1.2.4 Plants and Nutrient Cycling 

Plants have an important role in the biogeochemical cycle as primary producers. As the 

main source of biomass in a forest, plants serve to immobilize nutrients which help maintain 

nutrient capital on a site. Plant litter is the main source of recycled nutrients within an ecosystem 

(Perry et al., 2008). For certain elements like P, these recycled nutrients are the main source of 

nutrients for new growth (Compton and Cole, 1998; Perry et al., 2008; Sollins et al., 1980). 

Plants are important in soil forming processes, which liberates nutrients and determines the 

ability of a site to retain nutrients (Binkley and Fischer, 2013). Plants and associated mycorrhizae 

serve crucial functions by scavenging nutrients that are currently in unavailable forms. This can 

either occur by etching, where roots and associated biota actively secrete compounds that 

accelerate weathering, or symbiotic N fixation (Homann et al., 1992; Perakis and Pett-Ridge, 

2019).  

Different plants use nutrients differently, and these differences play an important role in 

the way an ecosystem stores and cycles these nutrients. Plants require nutrients in different ratios 

and store them in different ways. Western redcedar trees, for example, store large amounts of 

calcium in their foliage, meaning that less is available deeper in the mineral soil, but more is 

available in the forest floor due to contributions from litter (Cross and Perakis, 2011). Broadleaf 
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plants store large amounts of nutrients in their leaves which are more metabolically expensive 

than the needles of conifers and require greater amounts of nutrients (Huang et al., 2007). 

Inclusion of broadleaves in a conifer dominated forest has been shown to increase nutrient 

cycling rates, though effects on production are inconsistent (Binkley, 2003; Kelty, 2006). 

Red alder (Alnus rubra Bong.) is an important feature of northwest forests and an 

excellent example of how a plant species can alter nutrient cycling. Alders are a nitrogen fixing 

species that have been shown to also increase weathering rates and availability of phosphorous 

and calcium in pure and mixed stands (Homann et al., 1992; Perakis and Pett-Ridge, 2019). 

Since N species are highly mobile, they are able to influence the soil N of downhill soils up to 10 

m and stream N levels correlate with alder basal area on a landscape scale (Compton et al., 2003; 

Hynicka et al., 2016; Rhoades and Binkley, 1992). Alder stands have greater uptake of 

phosphorous compared to pure conifer stands, and they return more phosphorous in litterfall. 

Thus, they accelerate the rate at which inorganic phosphorus stores are converted into organic 

phosphorus stores (Compton and Cole, 1998). Conifer stands with alder have been shown to 

increase cycling rates of nitrogen sulfur and phosphorous (Binkley et al., 1992; Rhoades and 

Binkley, 1992).  

Overstory tree species alter certain aspects of nutrient cycling. Species differ in the 

timing and amount of litter shed and the rate at which their litter decomposes. Thus, canopy 

composition influences nitrogen, and potentially other nutrient, availability, as it affects the 

amount of nutrients returned to the soil as litter (Prescott, 2002). Trees may also influence 

nitrogen cycling by altering mineralization rates and leaching. A study of cycling in Northeastern 

hardwood forests revealed that potentially mineralizable nitrogen varied two fold among species 

(Lovett et al., 2004). They also observed that there were different rates of nitrification and nitrate 

leaching for the five different species. Overstory species composition also influences the 

availability and leaching of base cations (Homann et al., 1992; Hynicka et al., 2016).  

Changes in plant community alter ecosystem nutrient use. Conversion of a Norway 

spruce plantation to various different species showed that each species utilized nutrients 

differently such that there were different trends for each species and nutrient (Carnol and Bazgir, 

2013). The study found that reforestation with rowan (Sorbus aucuparia L.) increased soil 

exchangeable calcium magnesium and potassium (Carnol and Bazgir, 2013). Vegetation 
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management (VM) inherently alters the structure and composition of these plant communities, 

and thus affects the nutrients storage capabilities and nutrient cycling within a stand. Slesak et al. 

(2009) found that VM increased dissolved organic N and nitrate concentration. Since these N 

species are mobile in soils, this has the potential to increase nutrient leaching, meaning that plant 

community structure affects the ability of the site to retain nutrients. Similarly, after disturbance, 

when there is a reduction in living plants at a site, nutrients are more susceptible to leaching as 

there are fewer primary producers to immobilize them. 

1.2.5 Nutrient Budgets and Nutrient Use Efficiency 

Nutrient budgets are a way to visualize how ecosystems use a specific nutrient or 

nutrients. Traditionally used in industrial farming, nutrient budgets originated as a way for 

farmers to look at the inputs and losses of nutrients from the soil to help shape and evaluate 

management practices (Zhang et al., 2020). This agronomic tool has since been adapted as 

silvicultural tool to help understand effects of management on forest ecosystems (Vadeboncoeur 

et al., 2014; Zhang et al., 2020). Generally, they measure nutrient stocks in different 

aboveground and belowground pools and estimates fluxes of nutrients into and out of the system. 

In this study, we do not measure nutrient fluxes, but instead create a snapshot of where nutrients 

are stored in the stand at a single point in time.  

Nutrient use efficiency is a measure of how efficient a plant or plant community is at 

producing biomass on a per nutrient basis. There are different ways of defining nutrient use 

efficiency, but typically it is expressed as growth per unit nutrient used. That growth can be 

measured as net primary productivity (NPP), aboveground net primary productivity (ANPP), 

biomass increment, or some other measure of growth (Binkley et al., 1992; Bridgham et al., 

2016). For this study we will focus on the ratio of nutrient mass to total plant derived biomass, 

similar to the nutrient efficiency ratio used in crop science (Agüero and Kirschbaum, 2013; 

Baligar et al., 2001). 

1.2.6 Nutrients in Managed forests 

Management decisions alter the way systems store and cycle nutrients. Management 

activities such as harvest of stemwood or litter remove nutrients from the forest, while fertilizer 

application acts as an input. Other silvicultural treatments such as thinning and vegetation 
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management, exert control over plant community and community structure, which in turn will 

have an effect on nutrient storage and cycling (see above).  

Forest vegetation management (VM) is the practice of reducing competition between 

planted tree species and other, less desirable species, by physical removal or treatment with 

herbicide (Wagner et al., 2006). Favored practices vary by country or geographic region. In 

certain areas of Europe, mechanical VM is common, whereas in other regions such as South 

America and the U.S., herbicide use is much more prevalent (Ammer et al., 2011). The goal of 

reforesting for production-oriented timber plantations is to establish the stand as quickly and 

effectively as possible (this efficiency is often mandated by laws such as the Oregon Forest 

Practices Act). While the efficacy in increasing crop tree (those planted with intent to harvest) 

survival and growth is being documented (Hoepting et al., 2011; Sadanandan Nambiar, 1990; 

Wagner et al., 2006, 1996), the long-term effects of VM on ecosystem services, such as nutrient 

cycling, are poorly understood. There may be losses or changes to total ecosystem nutrients 

caused by skipping early successional phases of forest establishment. This study aims to 

investigate how sustained vegetation control using annual herbicide application in the Coast 

Range and Cascade Foothills of Oregon affects the total amount and distribution of nutrients in 

the forest ecosystem.  

In the Pacific Northwest, annual herbicide application is the most common form of VM 

for plantation forestry. These practices increase seedling survival primarily by reducing water 

stress but also by increasing nutrient availability (Slesak et al., 2010; Wagner et al., 2006, 1996). 

In young plantation stands in the U.S. Pacific Northwest, crop trees associated with VM had 

larger stem, branch, and foliage biomass compared to trees in control plots with similar diameter 

at breast height (Flamenco et al., 2019; Petersen et al., 2008). Furthermore, it has been repeatedly 

demonstrated that the practice increased the yield of crop trees by 30-450% at the end of the 

rotation (Wagner et al., 2004).  

Some studies have investigated on the effects of VM on nutrient dynamics. Effects of 

intensive management activities (e.g. slash removal and VM) on soil nutrient flux are monitored 

at certain sites in the Long-Term Soil Productivity Study (Scott, 2016). Slesak et al. published 

several papers focusing on two LTSPS sites in the Pacific Northwest, one in the Olympic 

Peninsula in Washington and one in the Cascade Foothills in Northern Oregon. Their studies 
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focusing on Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) found that changes in soil 

nutrients vary based on site quality, as do treatment effects. Generally, effects of intensive 

management are more pronounced at lower quality sites (Slesak et al., 2016, 2011). For the 

nutrients examined (C, N, P, Mg, K, Ca) and the depths surveyed (up to 60 cm), nutrients tended 

to increase over the 5- and 10-year periods studied, but these increases were greater without VM 

(Slesak et al., 2016, 2011). A study at the Fall River LTSP site showed that for a 12-year-old 

Douglas-fir stand there was an increase in soil N in the surface layers and an increase in deep soil 

C with VM (Knight et al., 2014). 

It is likely that the magnitude of VM effects on site nutrients is related to the size of the 

nutrient reserve in the mineral soil (Knight et al., 2014). While the results of the LTSPS do not 

suggest a rapid and intense degradation of soil in the PNW, studies from Florida suggest 

otherwise. Miller et al. (2006) studied the flux of soil and foliar nutrients on a loblolly pine 

(Pinus taeda) plantation for 15 years and showed that in all cases soil nutrients declined, and that 

this decline was exacerbated by VM practices. 

Studies on crop tree nutrient status are even more limited and typically only focus on 

young, typically 5-year-old, Douglas-fir and loblolly pine. Studies of young Douglas-fir and 

seedling have shown that VM increased the nitrogen allocated to foliage and to the whole tree 

(Slesak et al., 2010). A different study on 5-year-old Douglas-fir found that macronutrient 

concentrations of N, P, K, S, Ca, Mg were the same for trees in treated plots and untreated plots, 

with the exception of branch N which had higher concentrations in absence of vegetation control 

(Petersen et al., 2008). Another study done on 5-year-old Douglas-fir seedlings found that there 

was no difference in N concentration between treated and untreated trees with this exception of 

one site where seedling boles contained more N than treated (Devine et al., 2011). A study of 15 

year old loblolly pine demonstrated higher foliar potassium and levels with herbaceous 

vegetation control but no difference in foliar phosphorous, calcium, and magnesium (Miller et 

al., 2006). Generally, all these studies found that seedlings grown in treated plots attained 

significantly larger biomass, leading them to find that total nutrient content of trees was greater 

when growing in absence of competing vegetation. 

Many of these studies are limited in scope, and reveal little about longer term trends. 

Because the demand for timber yield is projected to increase, it is likely that silvicultural 
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practices will become more intensive in order to produce timber yields that fulfill future demand 

for timber products (Fox, 2000). Thus, it is crucial to understand the lasting effects of these 

treatments. Some studies, such as the LTSPS, focus on nutrient flux in the soil and how different 

intensive management practices affect this. These studies only focus on soil, and typically only 

monitor the nutrient flux over the first 5-10 years of stand development. It is likely that nutrient 

fluxes in this period are initially dominated by the effects of clearcutting and loss of vegetation, 

and then by the regrowth of new vegetation. The effects of clearcutting and initial regrowth fade 

over time as the stand returns and soil nutrient dynamics occur on longer time scales. Therefore, 

these studies may not provide insight into the long-term changes in nutrient availability and 

longer-term monitoring is needed (Grigal and Berguson, 1998; Powers et al., 2013). It is not 

known how differences in N distribution in Douglas-fir changes into maturity and how less 

common timber species- such as grand fir (Abies grandis (Douglas ex D. Don) Lindl.), western 

redcedar (Thuja plicata Donn ex D. Don), and western hemlock (Tsuga heterophylla (Raf.) 

Sarg.)- are affected.  

By constructing nutrient budgets for each of these stands with and without sustained 

herbicide application, this study will illuminate how VM alters nutrient quantities and 

distribution in these ecosystems. Nutrient budgets will be reported as tables detailing 

concentration and mass of 6 macronutrients and 7 micronutrients in different pools within an 

ecosystem. This will allow us to calculate the total ecosystem mass of each nutrient for each 

species, site, and treatment. Using this data, we will be able to explore nutrient status and 

nutrient use efficiency by examining nutrient rations in different ecosystem compartments. 

1.3 Study Design 

A randomized complete block design with eight VM treatments was implemented at each 

of the two sites, one in the Oregon Coast Range (CR) and one in the Oregon Cascade foothills 

(CF). The eight different VM treatments consisted of spring release applications that differed in 

the number and timing of herbicide treatments applied during the first 5 years after planting. The 

CR site was planted with Douglas-fir, western hemlock, western redcedar and grand fir and the 

CF site was planted with Douglas-fir and western redcedar. Similar to Flamenco et al. (2019), for 

this study we used only the control (Control; only pre-planting vegetation control) and the 5 

consecutive years of spring release vegetation management treatment (VM). Plots were 
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approximately 0.06 ha and were planted in 8 rows of 8 trees at a 3 x 3 m spacing, resulting in a 

planting density of 1100 trees per ha. All plots were planted with a single tree species. All DF 

plots received pre-commercial thinning at year 12 and thinning residues were left on site. 

The ecosystem was divided into soil pools and plant derived pools. The plant derived 

pools were broken down into overstory (planted crop trees), midstory (hardwoods and natural 

conifer regeneration), understory (shrubs, grasses, forbs, ferns and moss) and forest floor 

(including coarse woody debris). The overstory was divided into foliage, live branches, 

stemwood, stembark, and fine roots. The midstory was broken down into foliage and bole 

(stemwood and stembark). The soil was divided into four layers (0-0.2 m, 0.2-0.4 m, 0.4-0.6 m, 

and 0.6-1 m). 

1.4 Objectives and Hypotheses 

The goal of this project is to understand how intensive silvicultural practices affect long-

term site quality. The first objective is to measure the nutrient contents of several different 

biomass pools in treated and untreated stands. We will measure the following nutrient pools: 

crop trees (which are divided into branches, stem wood, bark, and foliage) fine roots, understory, 

forest floor, midstory, and multiple strata of mineral soil. The second objective is to construct 

nutrient budgets for stands of different species and sites. The last objective is to compare nutrient 

concentrations, total ecosystem masses, and ratios between VM and control across species and 

sites. 

We hypothesize that midstory trees increase the nutrient storage capacity of conifer 

dominated ecosystems because they store a large quantity of nutrients in their foliage. If this is 

true, total ecosystem nutrient content will be higher in plots that did not receive herbicide 

treatment and where a midstory has developed. We also hypothesize that stands treated with 

herbicide will produce more biomass per unit nutrient than untreated stands as treated stands 

store a large fraction of biomass in conifer boles, which serve as a large store of carbon but are 

not a significant pool of other nutrients. If this is true, the ratio of plant derived carbon mass to 

plant derived mass of macro and micronutrients will be higher in stands that are treated with 

herbicide. 
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2. Nutrient Concentrations in Plant and Soil Pools of Four Western 

Conifer Stands 

2.1. Introduction 

Tissue and soil nutrient concentrations are useful measures in order to determine the 

nutrient status of a stand as well as potential for nutrient deficiencies or soil nutrient depletion 

(DeBruler et al., 2019; Slesak et al., 2016; Stone, 1990; Turner et al., 1977). They are the basis 

for various nutrient management guidelines such as Diagnosis and Integrated Recommendation 

system (DRIS) and the Kinsey regime which allow development of site-specific fertilization 

prescriptions (Beaufils, 1973; Mainwaring et al., 2014). Nutrient concentrations are useful in this 

respect because they indicate how much of a resource is available in the exploitable soil as well 

as understanding whether plant foliage is optimally equipped to meet a plant’s physiological 

needs. If a plant is lacking a particular nutrient or set of nutrients such that its physiological 

processes are limited, it will have a suboptimal concentration of nutrients in its foliage. The 

lowest foliar concentration where nutrients do not significantly limit growth is known as the 

critical concentration (Binkley and Fischer, 2013; Ulrich, 1952).  

Nutrient concentrations are also important for calculating nutrient content. In order to 

determine the mass of a nutrient in a given tissue, you must first determine the mass of the tissue 

and the proportion of that mass that is a given nutrient (its concentration). For this reason they 

are also important for building proper models of nutrient export (Augusto et al., 2008; Johnson 

and Turner, 2019). In order to estimate the amount of nutrients removed from a system by 

harvest, you need to have reliable information about how nutrients are stored in the different 

tissues that are being removed.  

Silvicultural treatments, such as vegetation management, during the establishment phase 

set the trajectory for stand development. These treatments may affect plants by altering the 

concentration of nutrients in a tissue or in soil (Burger and Pritchett, 1988; Powers et al., 2005; 

Powers and Reynolds, 1999). Looking at the content of a tissue may not reveal physiologically 

important changes and may only show trends in biomass if concentrations remain the same. A 

decrease in tissue nutrient concentration may mean that an organism is having difficulty meeting 

its physiological needs for that nutrient, whereas a decrease in content can be the result of a 

number of factors such as reduced biomass or changes in allocation.  
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2.2. Literature Review 

2.2.1. Nutrient Concentrations in Plant Tissues 

Plants distribute nutrients throughout their tissues in order to satisfy their physiological 

needs. These nutrients are often divided into two categories, based on the relative requirements 

of plants. The following are considered macronutrients and are required in larger amounts: 

carbon (C), nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and 

sulfur (S). The following are considered micronutrients and are required in much smaller 

amounts: boron (B), copper (Cu), iron (Fe), manganese (Mn), sodium (Na), and zinc (Zn) (see 

Chapter 1 for more details). 

Foliage is generally the tissue type that contains the greatest concentration of nutrients 

with the exception of Ca which may be higher in the branches and phloem (Augusto et al., 2008; 

Cole and Gessel, 1992; Marschner and Marschner, 2012). While foliage comprises 

approximately 4% of aboveground biomass in a 40 year old Douglas-fir stand, it contains 

roughly 70% of the total aboveground nitrogen (Cole and Gessel, 1992; Turner, 1981; Turner 

and Long, 1975). Trees allocate a significant portion of nutrients to their foliage as this is where 

the majority of physiological process occur, including stomatal regulation, photosynthesis and 

respiration (Marschner and Marschner, 2012). Foliar nutrient concentrations vary over the 

lifetime of the foliage. In conifers, which tend to have longer lived foliage, these concentrations 

decrease after the foliage reaches maturity- particularly before shedding the leaf (Perry et al., 

2008). The one exception to this rule is Ca, which tends to increase in concentration over time. 

This is due to the tree mobilizing its nutrients to other tissue, such as newer foliage and areas of 

active growth. Calcium is the exception to this rule because it is less mobile in foliage, a large 

portion of it being bound to the cell wall and pectin (Hepler and Winship, 2010). After foliage, 

the next highest concentrations are typically found in the live branches, phloem, or fine roots- 

depending on the tree species and nutrient. Stemwood generally contains low concentrations of 

nutrients, especially in the heartwood, where there is no living tissue (Augusto et al., 2008; 

Marschner and Marschner, 2012).  

Plant nutrient uptake is generally classified into four regions- deficient, critical, luxury, and 

toxic (Binkley, 1986). At levels below luxury, plant productivity is correlated with nutrient uptake. 

Foliar concentrations are often studied as they provide the best insight into the nutrient status and 
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production potential of a plant. Critical concentrations in plant foliage refer to the concentration at 

which productivity is 90% of the maximum. These concentrations are different for different 

species and are defined by current year foliage, ideally sampled during the height of the growing 

season when plants are most stressed for nutrients (Powers, 1983; Ulrich, 1952). Some research 

suggests that nutrient ratios are a better indicator than concentrations, as this accounts for 

systematic error in analytical techniques (Colbert and Allen, 1996; Powers, 1983). In order to 

maintain optimum productivity, trees should be kept above critical nutrient concentrations. While 

these critical concentrations vary from species to species, a summary of macronutrient 

concentrations for species in this study can be found in Table 2.1. 

Table 2.1. Foliar critical concentrations (%) for N, P, K, Ca, and Mg for the conifer species Douglas-fir, western 

hemlock, western redcedar, and grad fir. Unless otherwise noted, all values are from Binkley and Fischer (2013). 

Nutrient Douglas-fir Western hemlock Western redcedar Grand fir 

N 1.0-1.4 1.0-1.2 1.1-1.3 1.0-1.2 

P 0.08-0.12 0.11-0.15 0.10-0.13 0.12-0.15 

K 0.35-0.60 0.40-0.45 0.35-0.40 0.50-0.60 

Ca 0.15-0.20 0.06-0.08 0.10-0.20   0.12 1 

Mg 0.06-0.09 0.06-0.08 0.05-0.09   0.9 2 
1 – value taken from critical concentration of true firs as listed in Moore et al (2004) (Evers, 1994) 
2 – value taken from “slight deficiency” concentration of white fir (Abies alba) as listed in Evers (1994) 

Nutrient concentration in plant tissues is subject to change as stands develop- though the 

exact effects are not well understood. Most studies which track nutrients over time look for 

trends in nutrient mass as opposed to concentration (Binkley, 2003; Turner, 1981; Wang et al., 

2019). A study on 13 different loblolly pine plantations tracking foliar nutrients at years 2, 6 and 

15 found that fascicle mass changed over time, peaking at 6 years (around canopy closure). 

Foliar phosphorous concentration peaked around the same time, but the differences were not as 

great as fascicle mass. Potassium concentrations peaked at age 6, and declined to lowest levels at 

age 15. This, however, varied with vegetation management treatment, with some showing a 

steady decline over time. Nitrogen and calcium generally decreased at year 6 and maintained 

these concentrations through year 15, though the site with the highest soil calcium levels showed 

the opposite trend. Magnesium concentrations were highest at year 15 and trends between year 2 

and 6 varied by site and vegetation management treatment (Miller et al., 2006). Due to the lack 

of similar published datasets, it is difficult to discern how general these trends are and whether 

they will persist as stands mature. 
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Similar species growing at different sites often have different tissue nutrient 

concentrations (Alexander, 2014; Moore et al., 2004; Radwan and DeBell, 1980; Radwan and 

Harrington, 1986). Some of this may be explained by water availability, soil nutrient availability 

and parent material type (Alexander, 2014; Hynicka et al., 2016). Miller et al. found that there 

was a significant trend between foliar phosphorous and available soil phosphorous, though 

correlations were weaker for other nutrients (Miller et al., 2006). Nitrogen concentrations in crop 

trees and vegetation have been shown to correlate with total soil N content in Douglas-fir stands 

(Devine et al., 2011). In forests, measures of soluble soil nitrogen may correlate poorly with 

growth and nutrient status. Instead measures of mineralizable nitrogen correlate better with 

growth, as the supply of nutrients has been shown to correlate better with growth than the current 

available concentration (Binkley and Fischer, 2013; Binkley and Hart, 1989; Ingestad, 1982; 

Powers, 1980). 

Micronutrients refer to a group of nutrients that are required in smaller amounts than the 

macronutrients (N, P, K, Ca, Mg, and S). They are not as well studied as the macronutrients 

(with N, P, and K receiving the most attention). Most studies of micronutrient concentrations in 

conifers refer to foliar values. The range of concentrations in foliage is large, and coniferous 

trees have been shown to accumulate some micronutrients far in excess of physiological needs 

(Moore et al., 2004; Radwan et al., 1979). One study of Mn fertilization of Douglas-fir trees 

raised foliar concentrations from 200 ppm to over 1000 ppm with no noticeable differences in 

growth rate, and then to over 3,000 ppm with no noticeable toxicity (Radwan et al., 1979). In 

Douglas-fir trees, concentrations may vary from 11 to 892 ppm (Mn), 50 to 760 ppm (Fe), and 5 

to 148 ppm (Zn)  (Zinke and Stangenberger, 1979). These ranges span orders of magnitude and 

signify a wide range of luxury uptake that is not toxic. A study of 25 to 27 year-old western 

redcedar trees across the cascades and coast of the PNW reported foliar concentrations of 13-48 

ppm (Zn), 4-19 ppm (Cu), 69-380 ppm (Mn), 37-83 ppm (Fe) (Radwan and Harrington, 1986). 

Western Hemlock in the Oregon Cascades have shown foliar concentrations from 13-24 ppm 

(Zn), 4.7-5.3 ppm (Cu), 736-1213 ppm (Mn), and 105-329 ppm (Fe), with concentrations in the 

Oregon Coast Range around 1/2 to 3/4 of these values (Zasoski et al., 1990).  

Boron is one of the most common limiting micronutrients, though its deficiency in forests 

is still poorly understood, especially in western conifers (Green and Carter, 1993; Lambert et al., 
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1997; Stone, 1990). Boron critical concentrations in foliage are generally cited as 10 ppm for 

Douglas-fir, true fir, and other conifer species (Moore et al., 2004). The first fertilizer study to 

confirm boron deficiency in coastal Douglas-fir reported that trees were deficient with foliar 

concentrations less than 12 ppm (Green and Carter, 1993). Reported intermediate foliar 

concentrations for grand fir are 22-28 ppm and around 29 ppm for western hemlock. Deficiency 

levels for western hemlock have been reported at 7 ppm (Stone, 1990). Analysis of a series of 

western hemlock forests in the PNW reported boron foliar concentrations between 13 and 29 

ppm (Radwan and DeBell, 1980). Unlike some of the heavy metals, elevated boron levels can 

result in acute toxicity (Stone, 1990). 

2.2.2. Nutrient Concentrations in Soils 

Nutrient concentrations in forest soils can be measured in various ways. Due to each 

nutrient’s distinct chemistry, there are different ways of quantifying different pools. These 

different pools are generally classified with respect to their availability to plants. Phosphorous, 

for example, can be labile, moderately-labile, moderately-recalcitrant or stored in Ca complexes- 

though these 4 categories do not account for all the phosphorous in the soil (DeBruler et al., 

2019). Some studies only measure the labile, or available pools, though these are highly dynamic 

and can change over the course of a year. Additionally, some of these measures, such as nitrite or 

nitrate concentrations, may be poor indicators of long-term availability and potential for growth 

(Binkley and Hart, 1989; Powers, 1980). For the purpose of this study, the main concern is the 

total amount of nutrients in all pools and not the distribution of various soil fractions within the 

total pool. 

Most studies of forest soil study, at the very least, the top 0.2 m of soil. However, forests 

are able to exploit a much greater soil volume and many studies look at trends in the top 0.5 to 1 

m. Effective rooting depth is generally considered to be 1 m, and while there may be significant 

nutrient reserves up to 3 m in depth, it is not clear whether trees utilize nutrients from deep soil 

reserves if available (Callesen et al., 2016). Nutrient reserves are greatest near the surface for 

many nutrients, especially N, as this is where most of the biotic activity occurs in the soil and 

inputs from fine root turnover and aboveground litter tend to be highest. Trends with depth 

depend on the mineralogy at a site, and concentrations may increase with depth depending on 

soil properties and parent material chemistry (Callesen et al., 2016). 
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Soil nutrient properties depend on parent material and other soil forming factors. 

Different minerals will weather at different rates and release different nutrients depending on 

their chemical makeup. Sandstone and siltstone bedrock are nutrient poor relative to igneous 

rock, and thus may not be as rich of a source of weathered nutrients (Reichle, 1973). Soil age is 

also important, particularly for N and P. Young soils tend to be high in phosphorous and low in 

nitrogen, as bedrock is the main source of phosphorus in soils, and legacies of biotic activity are 

the source of nitrogen. As soils develop, nitrogen fixing activity combined with deposition and 

leaf litter contribute more N to soils as the P is slowly depleted. Indeed, the trend of young 

nitrogen limitation in young soils changing to phosphorous limitation in old soils has been 

observed on a global scale (Lambers et al., 2008). Additionally, history of land use can play a 

significant role. Agricultural processes have been shown to deplete soil nutrient reserves and 

alter physical and chemical properties. On the other hand, afforestation has significant effects on 

soil properties such as texture and nutrient concentration (Berthrong et al., 2009; Sauer et al., 

2012).   

2.2.3. Silvicultural Management Effects on Nutrient Concentrations 

Fertilization and its effects on nutrient concentrations is very well studied. Nitrogen 

fertilization has been shown to increase foliar N concentration for the first year to two years after 

fertilizer application, the increase in concentration slowly returning to pre application values 

over a few years (the exact time varying by nutrient, site and species). As the concentration in 

the foliage lowers, it is mobilized to create new foliage and increase leaf area (Brix, 1993; 

Carlson et al., 2014). Fertilization is unique in that it provides a large pulse of plant available 

nutrients in a short amount of time. Other silvicultural prescriptions, like thinning or vegetation 

management, allow crop trees a larger share of site resources and may have some effects on 

nutrient supply. These changes however will likely not be as extreme as fertilizer application. 

The effects of vegetation management (VM) on plant nutrient concentrations has been 

studied, though generally in younger tree seedlings. VM, while allowing trees greater access to 

site resources, has varying effect on tissue nutrient concentration. It more commonly increases 

affecting nutrient content as treatment as herbicide treatment produces higher biomass of a given 

tissue (Devine et al., 2011; Petersen et al., 2008). Nevertheless, some studies show significant 

effects on nutrient concentration. Five year old Douglas-fir seedling have shown increased foliar 
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N with vegetation control (Devine et al., 2011; Slesak et al., 2010). These trends varied between 

sites and concentration effects were only significant at the study level and not at the site level 

(Devine et al., 2011). A study in the Oregon Coast Range showed N was higher in VM treated 

Douglas-fir seedlings after the first year of growth but not the second. Boron, in contrast, showed 

a significant decrease in VM treated plots but only after the second year of growth (Rose and 

Ketchum, 2002). Differences in concentrations are not always observed, as Petersen et al. found 

that there were no differences in foliar N, P, K, S, Ca and Mg (Petersen et al., 2008).  

The effects of VM on foliar nutrients changes over time. Across a gradient of site 

conditions, foliar N and P concentrations were greater for treated plots early in stand 

development. These differences disappeared at ages 7 and 9 for all sites, except for N 

concentrations at the site that had lowest N levels and untreated trees displayed signs of N 

deficiency (Powers and Reynolds, 1999). One study of loblolly pine conducted at mid-rotation 

found that eradication of herbaceous vegetation during stand establishment resulted in a decrease 

in foliar N and K (Miller et al., 2006). They found that all available soil nutrients declined over 

time but this decline was greater for C, N and Ca. 

The effect of silvicultural management on soil concentration has also been studied, with 

most studies focusing on different forms of N or P. The Long Term Soil Productivity (LTSP) 

study has investigated the effects of different intensive management practices across the US, 

including sites in the PNW (Powers et al., 2005). Sites in Oregon show that after planting, soil 

nutrients (exchangeable Ca, Mg, K, and total N) tend to increase after 10 years in the top 0.3 m 

of soil, though the increase is greater when there is no vegetation control after planting  (Slesak 

et al., 2016). Total soil P is more complicated, tending to decrease 10 years after planting in the 

top 0.3 m. At one site the decrease was less when harvest residues were left on site and there is 

no vegetation control after planting, while at the other site the decrease was less with annual 

vegetation control after planting (Slesak et al., 2016). This study was followed up by a more 

thorough investigation of soil P again from 10 years after planting. This study looked at total P 

and different pools of labile to less labile P which all showed roughly the same result: at one site, 

when there was a detectable difference in P concentrations of any pool, concentrations were 

higher with no annual vegetation control while the other site showed the opposite trend 

(DeBruler et al., 2019). A similar study from the Fall River LTSP site in Washington showed 
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that total soil N concentrations in the top 0.15 m of soil decreased 10 years after planting (Knight 

et al., 2014). 

Most studies look at only a few nutrients, and few attempt to quantify total soil pools and 

total plant derived pools. They also tend to focus on younger trees and only one or two crop 

species (typically Douglas-fir and Ponderosa pine in Oregon). In this study we will investigate 

how vegetation management affects both of these on multiple conifer species (Douglas-fir, 

western hemlock, western redcedar, and grand fir) in two important timber producing ecoregions 

in Oregon (the Oregon Cascade foothills and the Oregon Coast Range). 

2.3. Questions and Hypotheses 

The objective of this study was to measure the nutrient contents of several different 

biomass pools in treated and untreated stands. We will measure the following nutrient pools: 

crop trees (which are divided into branches, stem wood, bark, and foliage), fine roots, 

understory, forest floor, midstory, and multiple strata of mineral soil up to 1 m depth.  

We hypothesize that at age 19 there will be few differences in nutrient concentrations of 

crop tree tissues and total soil nutrients between treated and untreated plots within each species, 

but that there will be significant differences between species and sites driven by different nutrient 

availabilities between sites. 

2.4. Methods 

2.4.1. Description of Sites  

The Coastal Range (CR) site is located at 44.62°N, 123.57°W near Summit, OR 

approximately 40 km from the coast. The site was planted in year 2000 and experiences a mean 

annual temperature of 11.1℃ and average annual rainfall of 1,707 mm. The soil at this site is 

fine and loamy (Flamenco et al. 2019). The CR site was planted with Douglas-fir (DF) and 

western hemlock (WH) (four replicates each), and grand fir (GF) and western redcedar (WRC) 

(three replicates each). Soils at the CR site are part of the Preacher-Bohannon complex which is 

derived from siltstone and sandstone (USGS). This soil complex is classified as an Andic 

Dystrudept, meaning that while it is not an Andosol, it has high aluminum and iron activity (Soil 

Survey Staff 2015). This site sits near the western edge of the Tyee formation, a sedimentary 

rock formation that composed largely of marine micaceous sandstone and siltstone.  
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The Cascade Foothills (CF) site is located at 44.48°N, 122.73°W near Sweet Home, OR 

and was planted in year 2001 with DF and WRC (four replicates each). The site has a mean 

annual temperature of 12.4℃ and an average annual rainfall of 1,179 mm. The soil at this site is 

a silty clay loam (Flamenco et al. 2019). Soils at the CF site are from the Bellpine series which is 

derived from sedimentary rock (Soil Survey Staff 2015). Soils of this series are classified as 

Xeric Haplohumults, indicating an Ultisol with high organic matter content that experiences 

seasonal drought. These soils are well drained and characterized by a more xeric moisture regime 

from the CR site. The bedrock is a mixture of basalt, sedimentary rocks, and tuff. Similar to the 

CR site, these soils are derived from sedimentary bedrock, however tuff and mafic intrusions will 

lend different chemical characteristics to these soils. Mafic rocks tend to be higher in iron and 

magnesium than sandstone. This site was formerly agricultural land that was not sufficiently 

productive and was purchased by Cascade Timber Company.  

Soil potassium levels in the PNW are low compared to the rest of the country due to a 

lack of K feldspar in the parent material. According to the USGS, concentrations near the study 

sites should range from 0.8 to 1.2% in the top 0.05 m and A horizon, though soil at 1 m depth by 

the CR site may have lower concentrations (USGS). Copper concentrations are high in the areas 

of both of these sites, ranging from 30 to 300 ppm or more in the top meter of soil (USGS). Mn 

high 880-1210 ppm through A horizon, samples at 1 m depth have higher concentrations near the 

CR site (USGS). Zn also high 80-100 ppm at both sites with possible higher concentration in the 

A horizon of the CF site. Fe also high in OR, with concentrations ranging from 3 ppm to 14 ppm 

(USGS). Mg concentrations are higher in the Oregon Cascades than the Coast Range due to 

differences in parent material. Concentrations near the CF site range from 1 to 13% in the top 

0.05 m and A horizon, whereas the range from 0.7 to 1.2 % near the CR site (USGS) 

2.4.2. Study Design  

A randomized complete block design with eight VM treatments was implemented at each 

of the two sites. The eight different VM treatments consisted of spring release applications that 

differed in the number and timing of herbicide treatments applied during the first 5 years after 

planting. Similar to Flamenco et al. (2019), for this study we used only the control (Control; only 

pre-planting vegetation control) and the 5 consecutive years of spring release vegetation 

management treatment (VM). Plots were approximately 0.06 ha and were planted in 8 rows of 8 
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trees at a 3 x 3 m spacing, resulting in a planting density of 1100 trees per ha. All plots were 

planted with a single tree species. All DF plots received pre-commercial thinning at year 12 and 

thinning residues were left on site. 

The ecosystem was divided into soil pools and plant derived pools. The plant derived pools 

were broken down into overstory (planted crop trees), midstory (hardwoods and natural conifer 

regeneration), understory (shrubs, grasses, forbs, ferns and moss) and forest floor (including coarse 

woody debris). The overstory was divided into foliage, live branches, stemwood, stembark, and 

fine roots. The midstory was broken down into foliage and bole (stemwood and stembark). The 

soil was divided into four layers (0-0.2 m, 0.2-0.4 m, 0.4-0.6 m, and 0.6-1 m). 

Soil samples were taken during June 2019. Soil mass for each layer was computed from 

the bulk density (methods describe below) and calculated volume of the layer (assuming a 

rectangular prism with two faces 0.2 ha and a depth of either 0.2 or 0.4 m). 

Overstory tissue for nutrient analysis were obtained from samples collected by Flamenco 

et al. (2019), who destructively sampled 4 trees for each species and treatment at each site. 

Stemwood samples were collected by removing a stem section (or cookie) at DBH. Stem bark 

samples were obtained by removing the bark from the cookie taken at DBH. Branches and 

foliage samples were collected from the middle of the living crown. 

As dominant midstory species are the same across sites, samples for nutritional analysis 

were taken only at the CR site without respect to treatment. Midstory tissue samples for nutrient 

analysis (foliage and stemwood) were collected from midstory trees during the July 2019. Only 

the four most prevalent species were sampled: red alder (Alnus rubra Bong.), bigleaf maple 

(Acer macrophyllum Pursh), Oregon cherry (Prunus emarginata (Douglas ex Hook.) D. Dietr.), 

and cascara buckthorn (Rhamnus purshiana DC.). These four species account for 98% of the 

midstory biomass (Flamenco et al., 2019). Stemwood samples were collected at DBH using a 12-

mm increment borer from four different individuals from each species. Foliage samples were 

also taken from four different individuals from each species.  

Understory, forest floor and fine roots were collected from 6 subplots (0.6 m x 0.6 m) per 

plot. All vegetation in or hanging over these plots was collected. The forest floor was manually 

removed down to the organic horizon and included woody debris, duff, and litter. Researchers 

then collected a core of the top 0.2 m of mineral soil and used a 2 mm sieve to collect fine roots 
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(Flamenco et al., 2019). Within a plot, all six subsamples were combined for nutrient analysis. 

The lower layers were collected in spring 2019 on one sample per layer per plot using 50 mm x 

50 mm soil cores (AMS, bulk density soil sampling kit). Fine roots were collected from each soil 

sample using a 2 mm sieve.  

2.4.3. Nutrient Analysis 

All plant samples were oven-dried at 65C until reaching constant weight and ground to 

pass a 0.425 mm sieve. These tissues were then prepared for nutrient extraction by overnight 

combustion in quartz tubes at 580C. Samples were extracted in 20% v/v HCl for 15 minutes and 

then diluted 1:1 with distilled water. These extracts were filtered and stored at 4C until analysis. 

Total soil nutrients were extracted by microwave digestion. Samples were heated to 175C in an 

Anton-Paar MicrowaveGO and held at that temperature for 4.5 minutes in a solution of 70% 

HNO3. Digested samples were diluted 1:1 with distilled water, filtered, and stored at 4C until 

analysis. Carbon (C), nitrogen (N) and sulfur (S) concentrations were determined by dry 

combustion using an Elementar vario MACRO cube. All other nutrients (phosphorus (P), 

potassium (K), magnesium (Mg), calcium (Ca), boron (B), copper (Cu), iron (Fe), manganese 

(Mn), sodium (Na), and zinc (Zn)), were determined by analyzing extracts with an Agilent ICP-

OES 5110. All analyses were carried out at the Central Analytical Laboratory at Oregon State 

University.  

2.4.4. Statistical Analysis 

The Statistical Analysis Software version 9.4 (SAS Institute Inc. Cary, NC) was used for 

all statistical analysis. Analysis of variance, including Tukey multiple comparisons tests, was 

used to test the effects of site, species and treatments on all soil and plant derived pools (PROC 

MIXED, SAS Institute Inc. Cary, NC). SigmaPlot version 14 (Systat Software, Inc. San Jose, 

CA) was used to create all figures. 

2.5. Results 

Average nutrient concentrations for crop tree (overstory), forest floor and soil are reported 

in Table 2.2 (macronutrient) and Table 2.3 (micronutrient). Since nutrient concentrations were 

generally not affected by vegetation management, average values reported include both treatments 

(any significant treatment or species x treatment effect is denoted in the respective table). For the 
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sake of simplicity, both tables show average nutrient concentration across sites, however there was 

a significant effect of site for 42% of all tissue types measured (Table 4). Soil nutrient 

concentrations were highly site dependent for all depths, with the exception of C, N and Zn. 

Concentration of midstory species and average understory can be found in Appendix Tables 2.1 

and 2.2. Site and treatment specific nutrient concentrations are located in Appendix Tables 2.4 to 

2.16.  

For all species, the largest N, P and K concentrations were observed in foliage, ranging 

between 0.978 to 1.252% (N), 0.116 to 0.255% (P) and 0.381 to 0.607% (K). On the other hand, 

larger Mg, Ca and S was observed in forest floor, ranging between 0.116 to 0.146% (Mg), 0.754 

to 1.600% (Ca) and 0.090 to 0.111% (S). Within crop tree tissues, fine roots showed the lowest C 

concentration, ranging between 27.4 to 33.9%, while all other crop tree tissues ranged from 46% 

to 50%. Nutrient concentration in mineral soil decreased with depth for C, N, P and Ca, but no 

clear trend was observed for K and Mg. K and Na were below detectable levels for all stemwood 

samples (both understory and midstory trees). The limit of detection of the ICP for these elements 

was 2 ppm (Na) and 0.04% (K).  

Cu and Fe both had the highest concentrations in fine roots ranging between 4.8 and 6.4 

ppm (Cu) and 1209 and 1554 ppm (Fe). The forest floor also contained a notably high 

concentration of Fe ranging from 914 to 1281 ppm. The concentrations of Mn were highest in the 

forest floor for all species except WRC, with concentrations ranging from 449 to 833 ppm. The 

concentration of B was highest in foliage for all species except for WRC, with concentrations 

averaging between 22.3 and 12.4 ppm. For Zn, the concentrations were highest in different tissues 

for each species. The concentration of Na was highest in fine roots and forest floor, averaging 

between 118 and 162 ppm. In WRC, concentrations of Zn, B, and Mn were highest in fine roots. 

While these root samples are a composite of fine roots from all species, this suggests that WRC 

invests more micronutrients to fine roots than the other species. Nutrient concentrations of soils 

decreased with increasing depth for Mn and Zn. Other micronutrients showed no pattern, but in 

the case of Na, the top layer of soil contained the lowest concentration across all species. 
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Table 2.4. P values of site effect for concentration of C, N, P, K, Mg, Ca, S, B, Cu, Fe, Mn, Na, and Zn for each 

nutrient pool for 16-18 year-old Douglas-fir (DF) and western redcedar (WRC) stands growing under contrasting 

treatments of vegetation management on sites located in the central Coast Range and the Cascade foothills of 

western Oregon. Green cells indicate that the concentration was higher at the CR site and white cells indicate the 

concentration was higher at the CF site. Blank cells indicate no significant differences across sites. 

Species Tissue C N P K Mg Ca S B Cu Fe Mn Na Zn 

DF Foliage    0.005    0.009  0.039  0.002  

 Branch  0.032     0.028     0.020  

 Bark     0.004     0.003  0.042  

 Wood         0.040 0.001 0.002  0.040 

 Root 0.014   <0.001 0.001 <0.001  0.001  0.002 0.001 0.022  

 Understory 0.011 0.013 0.033   0.034  0.015      

 Forest floor 0.033   0.029  0.006  0.004 0.006  <0.001 0.022 0.018 

 Soil 0.0-0.2 m   <0.001 0.001 <0.001 <0.001  <0.001 0.001 <0.001 <0.001 <0.001  

 Soil 0.2-0.4 m   <0.001 0.002 <0.001 0.002  <0.001 0.004 <0.001 0.004   

 Soil 0.4-0.6 m   0.001 0.001 <0.001 0.016  <0.001 0.008 <0.001 0.038 <0.001  
  Soil 0.6-1.0 m     0.001 <0.001 <0.001 0.047   <0.001 0.003 <0.001 0.013 0.001   

WRC Foliage     0.024         

 Branch         <0.001     

 Bark  0.010  0.002  0.001      <0.001  

 Wood  <0.001            

 Root 0.033   0.009 0.029 0.017   0.012 0.019 <0.001   

 Understory      0.009  0.022   0.036   

 Forest floor     0.036  0.049     <0.001  

 Soil 0.0-0.2 m    0.002 <0.001 0.008  0.002 0.002 <0.001 0.006   

 Soil 0.2-0.4 m    0.001 <0.001 0.014  0.001 <0.001 <0.001 0.019   

 Soil 0.4-0.6 m     <0.001 <0.001  0.007 <0.001 <0.001 0.038 <0.001  

  Soil 0.6-1.0 m       0.001 <0.001 0.021   0.016 0.018 0.001 0.020 <0.001   

 

Concentrations of N were lower at the CR site for the understory of DF and the bark and 

wood of WRC, but the concentration was higher for the branches of DF (Table 2.4). B 

concentrations were lower at the CR site in the forest floor, foliage, roots, and understory of DF. 

Concentrations of C at the CR site were lower in the forest floor and understory of DF, but higher 

for roots of both DF and WRC. Ca concentrations were lower at the CR site for roots and 

understory of both DF and WRC, but higher in the bark of WRC. Fe concentrations were lower at 

the CR site for the bark, foliage, and wood of DF and lower in the fine roots of both DF and WRC. 

K concentrations were lower at the CR site for the forest floor and foliage of DF, but higher for 

the bark of WRC and the fine roots of both DF and WRC. Concentrations of Mg were higher at 

the CR site for the bark and roots of DF and the forest floor, foliage and roots of WRC. 

Concentrations of Mn were lower at the CR site for the forest floor, roots, and wood of DF and for 
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the roots and understory of WRC. Concentrations of Na were higher at the CR site for the bark, 

branches, forest floor, foliage, and fine roots of DF and for the bark and forest floor of WRC.  

 
Table 2.5. P values of species effect for concentration of C, N, P, K, Mg, Ca, S, B, Cu, Fe, Mn, Na, and Zn for each 

nutrient pool for 16-18 year-old Douglas-fir, western hemlock, western redcedar and grand fir, stands growing under 

contrasting treatments of vegetation management  in the central Oregon Coast Range. Blank cells indicate no 

significant differences across species. 

Sample C N P K Mg Ca S B Cu Fe Mn Na Zn 

Foliage 
 

 0.004 0.027  0.004  0.018   0.003 0.002 0.003 

Branch <0.001  0.001 <0.001  <0.001 0.006 0.016   0.011 0.045 <0.001 

Bark 0.027 0.023 <0.001 0.027 0.005 <0.001  0.030   0.002 0.039 0.001 

Wood 0.005 0.006 0.001  0.002   0.012 0.014  0.005  0.033 

Root 
 

 

  
0.011 

 

 

 

  

   

Understory 0.032             
Forest floor 0.031   0.033 0.022 <0.001     0.004 0.037  
Soil 0.0-0.2 m 0.050  0.042  0.016       0.021  
Soil 0.2-0.4 m 

 

 

 

 0.001      0.004 0.007  
Soil 0.4-0.6 m 

 

 

 

 0.035      

 
0.008  

Soil 0.6-1.0 m                           

 

Generally, soil concentrations were similar between species (only 17% of all nutrients 

and depths effected), but species had a significant effect on 46% of all nutrients and tissue types, 

Table 2.5. Carbon and Mn were the two elements whose plant derived concentrations were most 

effected by species, each with 5 tissue types effected. Western Hemlock had the highest Mn 

concentrations across all tissue types, except for bark (WH and GF were not distinguishable but 

both were significantly higher than other species) forest floor where the top 3 species had 

indistinguishable concentrations (though WH tended to have higher concentrations in the forest 

floor). Western redcedar had the lowest concentrations in foliage branches, forest floor, and bark 

(though bark concentrations were indistinguishable from DF). Na an Mg were the two elements 

whose soil concentrations were affected greatest by species, with 0-20 cm, 20-40 cm and 40-60 

cm all significantly affected. For Mg, WH had the lowest concentrations in the top three layers of 

soil, though in the 0-20 and 20-60 cm layers, the concentrations were only significantly lower 

than DF at α=0.05. For sodium, DF soil concentrations were the lowest in the 20-40 and 40-60 

cm layers, though at 20-40 the concentration was not significantly different from WH. In the 0-

20 layer, sodium tended to be lower in WH plots, though the concentrations were not 

significantly different from any other species at α=0.05. It should be noted that there were no 

detectable species differences in the deepest layer (60-100 cm) for any nutrient. 
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There were relatively few treatment effect on soil concentrations. Notably, there were 

two depths (0.2-0.4 m and 0.4-0.6 m) for which there was a significantly lower soil N 

concentration under WRC at the CF site (P<0.05) and one layer (0.6-1.0m) for which this trend 

was marginally significant (P=0.07). Soil N concentrations were higher under DF at the CF site 

for the 0.6-1.0 m depth (P<0.05). Soil carbon concentrations were higher in the 0.4-0.6 m depth 

for WRC (P<0.05). 
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Figure 2.1. Concentrations of phosphorous, magnesium, copper, and manganese at different soil depths for 18-year-

old stands of Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) grown in the 

Oregon Coast Range. Concentrations are averaged between Control and VM treatments. Significant species 

differences within a layer are denoted by lowercase letters and differences between depths for a given species are 

marked with capital letters (P<0.05). 
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Bark and branches were the two tissue types whose nutrient concentrations differed most 

between species, followed by wood and then foliage. The top layer of soil displayed the most 

differences between species. In the 0-0.2 m layer, C and P concentrations were lowest for DF 

though only significantly different from GF. Magnesium and sodium tended to be lower for WH 

in this layer, though only significantly different from DF magnesium.  

2.6. Discussion 

The foliar nutrient concentrations measured here generally agree with published values. 

Moore et al. (2004) measured foliar concentrations of unfertilized grand fir and DF in the inner 

mountain west, calculating percentiles for each nutrient. DF foliar nutrient concentrations in this 

study generally fell within the ranges published for N, P, Mn, Fe, and Cu. Measured 

concentrations for K, Mg, and B ranged from 40th percentile to below levels measured in the 

study, whereas S concentrations ranged from 80th percentile to greater than observed 

concentrations. Measured concentrations for two of the elements were entirely outside of these 

published ranges- Ca concentrations being higher than highest reported value, and Zn 

concentrations being lower. These differences may be due to different nutrient availabilities in 

different soil types- as the measured Ca concentrations in DF foliage agree better with data from 

sites in Oregon (Mainwaring et al., 2014). A study of old growth DF showed similar trends for 

N, P, Mg, and K. However, our reported Ca values were lower, though by less than a factor of 2 

(Cross and Perakis, 2011). 

Nutrient concentrations of GF were less in line with concentrations in the inner mountain 

west as reported by Moore et al. (2004), even though grand fir was the most variable of the 

species measured. Only N, P, S, Mg, and Zn fall entirely in the reported ranges. All other 

nutrients fell outside the published range, with Ca, Mn, Fe, and Cu being greater and K and B 

being lower (Moore et al., 2004). Foliar concentrations of N, P, K, and Ca are at or below critical 

concentrations for true firs grown in California (Powers 1983). This may be due to the different 

sampling regimes. Our study uses a composite sample of foliage of all age classes as opposed to 

new growth, which was used in the cited studies. Older foliage tends to be lower in most 

concentrations with the exception of Ca, which tends to increase with foliage age (Binkley and 

Fischer, 2013; Littke and Zabowski, 2007; Perry et al., 2008). 
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Foliar nutrients of WRC also generally agree with published literature values. Radawan 

and Harrington (2011) measured foliar concentrations of WRC trees sampled from a range of 

different sites in Washington and British Columbia, with a couple of sites in Oregon. The 

concentrations measured here are generally within the published range for N, P, K, Mg, and, S- 

though the lowest concentrations measured by this study were lower than those of Radawan and 

Harrington (2011). However, the Ca concentrations measured in this study were almost two-fold 

higher than their published data. When compared to foliar concentrations from a different study 

in British Columbia- measured N, P, K, S, and Mg concentrations were lower than published 

values, whereas Ca concentrations are higher (Kranabetter et al., 2003). Similar differences in 

sampling regimes may explain these discrepancies. Comparison with foliar concentrations of old 

growth WRC in the Oregon Coast range show similar trends for N, P, Mg, and K- however our 

Ca concentrations were all lower than the ones reported (Cross and Perakis, 2011).  

As with the other species, most published foliar values of WH report concentrations in 

current year foliage. Foliar N was lower than values from old growth specimens in the coast 

range and stands in western Washington (Cross and Perakis, 2011; Radwan and DeBell, 1980). 

Concentrations of P, however, were higher than those reported for old growth specimens, slightly 

higher than coastal stands reported by Radwan and DeBell (1980), but fitting with stands in the 

Cascades. Ca values, as with other species, were higher than other published values (Cross and 

Perakis, 2011; Kranabetter et al., 2003; Radwan and DeBell, 1980). K concentrations were 

similar but slightly higher than old growth species in the Oregon Coast range, but lower than 

stands in western Washington and British Columbia. Mg concentrations measured in this study 

were similar to but slightly lower than old growth specimens in the Coast Range but higher than 

stands in Western Washington and British Columbia. Foliar S concentrations were similar to 

stands in the Washington Cascades (Radwan and DeBell, 1980). Micronutrient concentrations 

(Zn, Cu, and Mn) measured were also generally lower than reported values, though Fe 

concentrations were 2-fold higher than stands in western Washington (Kranabetter et al., 2003; 

Radwan and DeBell, 1980). 
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Figure 2.2. Crop tree tissue concentrations of nitrogen, phosphorous, potassium, and calcium for 16-year-old stands 

of Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) grown in the Oregon 

Coast Range. Concentrations are averaged between Control and VM treatments. Significant species differences 

within a tissue type are denoted by letters (P<0.05). 

It should be noted that critical concentrations are generally developed from fertilization 

studies using current year foliage. The foliar samples in this study were taken as a composite 

sample, as this gives a better representation of the average concentration of all foliage. This 

method is better for the purposes of this study, which is to calculate total foliar nutrients in a 

stand as opposed to determining stand nutrient status. If this study were to have relied only on 

measurements current year foliage, it would likely overestimate foliar content of all nutrients 

except Ca, as these nutrient concentrations are lower in older needle cohorts.  
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Soil concentrations of C, N, and P are in line with other studies in the Oregon Coast 

Range (Cromack et al., 1999; Cross and Perakis, 2011). Concentrations of C and N from both 

sites are similar to the STR and CTC sites in Mainwaring et al. (2014), which are geographically 

very close to the CR and CF sites respectively. Soil concentrations of Cu Mn and Zn are in or 

near the ranges predicted by the USGS, with Cu and Zn concentrations slightly lower than the 

predicted ranges. Concentrations of Ca, K and Mg are lower than USGS predictions by 

approximately an order of magnitude. Measurements of Ca in soil residue (<2 mm) in the 

Oregon Coast Range averaged 0.25% on sedimentary bedrock to 0.77% on basaltic bedrock 

(Hynicka et al., 2016). These values are only two-fold higher than the 0.13% average at the CR 

site (located on sedimentary bedrock) and 0.35% at the CF site (located on basaltic bedrock). It 

should be noted that the Basaltic bedrock sites in Hynicka et al. (2016) were from basaltic sites 

in the Oregon Coast range and not in the Cascade foothills.  

Treatment effects on nutrient concentration varied by site, tissue, and nutrient. Bark and 

forest floor were the two nutrient pools most affected by vegetation control treatment, followed 

by fine roots. Crop tree foliage, branches, and stemwood all showed no treatment differences for 

all species at both sites. The forest floor was the tissue type most affected by treatment. This 

makes sense as the litter from the VM plots was almost entirely composed of conifer litter, with 

some inclusion of understory litter, whereas the forest floor of the C plots contained litter from 

midstory species, whose foliar nutrition differs significantly from the conifers. Concentrations of 

Cu and Mg were higher in the forest floor for control plots, though this trend was less 

pronounced for DF and WRC at the CF site, since untreated plots had less robust midstory 

development (Flamenco et al. 2018). Concentrations of K in forest floor were also higher in 

Control plots, but this trend was more pronounced for WRC. Concentrations of Mn were higher 

in forest floor of VM plots, which makes sense because conifers are accumulators of this 

nutrient. As observed elsewhere, RHPU also accumulated high concentrations of Mn in its 

foliage, but other midstory species did not (Zasoski et al., 1990).  
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Figure 2.3. Crop tree tissue concentrations of boron, manganese, zinc, and sodium for 16-year-old stands of 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) grown in the Oregon Coast 

Range. Concentrations are averaged between Control and VM treatments. Significant species differences within a 

tissue type are denoted by letters (P<0.05). 

 

Bark was the tissue type second most often affected by treatment, with effects seen for P, 

K, Mg, and Ca. Generally, with the exception of DF K concentrations, bark nutrient 

concentrations were higher in Control plots at the CF site. Based on comparisons with a dataset 

that separated bark, phloem, and wood, it is likely that the bark samples in this study contained 

the phloem, which contains a significant portion of stem nutrients (Augusto et al., 2008). While 

the current foliage of trees tends to represent the current nutritional status, the bark is 
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accumulated over the lifespan of the tree. P and K are highly mobile in tree tissues and are easily 

translocated, and Mg concentrations show similar patterns in bark tissue implying that it is also 

somewhat mobile (Helmisaari and Siltala, 1989). The fact that these concentrations are higher in 

Control plots may indicate that they had higher nutrient concentrations in the inner bark at the 

time of sampling or may suggest a larger portion of live inner bark. Generally, if this were the 

case it would be expected that foliage concentrations would show a similar pattern which they do 

not. While difficult to study in depth due to the small annual increment in bark tissues, it has 

been shown that certain nutrients (N, P, K, Ca, Mg and possibly Zn) are retranslocated from the 

bark, though this is likely a small overall source of nutrients (Helmisaari and Siltala, 1989; 

Hendrickson, 1987; Laclau et al., 2003). Thus, higher bark concentrations may indicate that these 

nutrients were poorly retranslocated from the outer bark before the tissue became dormant. This 

would suggest that the trees in the Control plots were less stressed for these nutrients over their 

lifetime resulting in a lower retranslocation efficiency. 

There were a few treatment differences on soil nutrient concentrations, though not many. 

Soil N concentration was affected by treatment differently for different species and soil depths. 

For DF, soil N concentrations were higher in deep soil. However, for WRC at the CR site, soil N 

concentrations were significantly lower from 0.2-0.6 m with the deepest soil increment showing 

marginally lower concentrations. N is a common limiting element in these forests and this 

indicates that for this slow growing species, sustained vegetation control may reduce the ability 

of the ecosystem to retain N, as was shown by Miller et al. (2006). Concentrations of C were 

higher in the Control under one species and only for one layer. Across all species, soil 

concentrations of Ca and Mg were higher in one layer of the VM treated plots.  Slesak et al. 

(2016) noted less C under VM and greater N at one site, which agrees partially with our results. 

However, they noted greater increases in soil cations in plots without control of competing 

vegetation (though it should be noted they were measuring exchangeable cation pools and not 

total soil cations). Our study did not note any treatment differences in P and K concentrations, 

both of which were noted in Slesak et al. (2016). Another study of similar design conducted in 

Western Washington noted no treatment differences in total soil N for all depths, but did note 

more C in the 0.6-1.0 m layer in herbicide treated plots (Knight et al., 2014). Additionally, this 

study did not note any difference in total soil P concentrations between vegetation management 

treatments.  
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Differences in concentration between site varied by nutrient and tissue type. Similar 

trends were noticed for both species, though DF displayed more site dependent nutrient 

differences. Most of the differences in tissue nutrient concentration were associated with 

differences in total soil nutrient concentration (Appendix Table 2.3). Generally, soils at the CR 

site had higher concentrations of K, Mg, and Na while soils at the CF site had higher 

concentrations of Ca, B, Cu, Fe, and Mn. When there were differences in tissue concentrations, 

they generally followed similar trends, with the exception of branch Cu and bark Ca in WRC as 

well as forest floor and foliage K in DF. This suggests that, while the soil nutrients measured 

were total pools as opposed to accessible pools, they may be indicative of trends in available 

pools between sites. A previous study of WRC nutrition noted that foliar concentrations of N, P, 

K, Ca, Mg, and S were all significantly higher at inland sites than coastal sites- which contrasts 

with what was noted in this study (Radwan and Harrington, 1986). All of the coastal sites in 

Radwan and Harrington (1986) were situated on the Olympic Peninsula which has different 

mineralogy (soils in the Washington Cascades are also distinct from soils in the Oregon 

Cascades).  

Differences in parent material are able to explain some of the soil concentration 

differences between the two sites. Basaltic rocks tend to have higher concentrations of Fe, Mg, 

and Ca than sedimentary rock, though this can change depending upon the nature of the 

sedimentary material. This study found that there were higher soil concentrations of Fe at the CF 

site which is more volcanic, but less Mg. It is possible that this is due to the nature of 

sedimentary rock at the CR site or land use history at the CF site. The CF site was previously 

agricultural land that was relatively low yielding. It may be that farming procedures decreased 

soil Mg. It has been shown that application of lime in the form of Ca carbonate depletes the 

exchangeable Mg, though this may only be a small portion of the total Mg at a site. Additionally, 

studies at soils formed on the Tyee formation (which the CR site is located on) show that these 

sites contain a large amount of montmorillonite, a clay which commonly has Mg isomorphous 

substitutions in the Al layer. 

 P is almost entirely sourced from bedrock, with soil reserves declining with age. The 

bedrock from the Tyee formation formed in the middle Eocene, somewhere between 54 and 36 

Ma. The bedrock that the CF site is located on is estimated to be between 32 and 11 Ma in 



48 

 

various parts of the range. Additionally, the Oregon Coast Range (CR site) generally experiences 

greater rainfall and higher NPP than the West Cascades (CF site) (Hudiburg et al., 2009). Both 

plant activity and moisture are important soil forming factors. Given this information it is 

reasonable to suspect that soils at the CR site are more developed which may have resulted in 

less soil P than the CF site. 

Species differences in concentrations were more common than treatment differences and 

showed notably different, but expected, patterns when compared to site differences. Species 

differences in soil concentration were most common in the top 0.2 m, which is to be expected as 

this is where the greatest quantity of fine roots are found. The species effect was significant 

across all species for 5 nutrients (Table 2.5). However, when comparing one species to another, 

these trends were often not significant (Figure 2.1). Lower soil C for DF may reflect a lower rate 

of fine root turnover or a higher rate of microbial respiration. Mg generally had the lowest 

concentrations under WH. This may indicate that there is greater uptake or leaching of this 

nutrient under this species. It may also indicate that there is a blocking effect on soil Mg 

concentrations or that the sampling regime was too simple to characterize soil heterogeneity 

(though it should be noted that block was included as a random factor in the mixed model).  

It is difficult to draw general trends for species differences in aboveground tissue 

concentrations. Elements such as B and Zn did not have strong trends that indicate the tendency 

of one species to accumulate more of a nutrient across all tissue types. Similarly, no tissue type 

tended to have higher concentrations of all or most nutrients in any given species. Mn had 

significantly higher tissue concentrations in the wood, bark, branches, and foliage of WH, which 

indicates that this species may accumulate more Mn than other species. WH, as a species, is 

capable of growing at lower soil pH than other conifers and soil Mn becomes more available at 

lower pH. The trend observed here may indicate that WH has adapted to survive with higher 

tissue concentrations of Mn due to its preference for acidic soils. Concentrations of P were 

highest for wood, bark and foliage of WH. This differs from old growth species in the Oregon 

Coast Range which showed DF species as having not significantly higher foliar concentrations 

than WH (Cross and Perakis, 2011). A study of WRC and WH in coastal British Columbia 

showed no differences across species on a number of different site types (Kranabetter et al., 

2003). 
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2.7. Management Implications 

Since the treatment had little effect on foliar nutrient concentrations, we expect the 

physiology, including photosynthetic efficiency of the foliage, to also be similar between 

competing vegetation control treatments. This means that crop tree growth differences between 

Control and VM treatments cannot be explained by the foliar nutrient status at year 16-18.  

Most differences in soil nutrient content (with the exception of C) indicated higher 

concentrations under the VM treatment. This study does not indicate the potential for total soil 

nutrient reserves to be depleted by even sustained vegetation management treatment. WRC at the 

CR site was a notable exception, where VM plots showed significantly lower N concentrations. 

This may indicate the potential for reduced N retention when stands of WRC, a slow growing 

species, receive five years of post-planting herbicide application. This study did not attempt to 

quantify fluxes between various available and unavailable soil nutrient pools, and as such there 

may be treatment differences in nutrient availability that cannot be observed from this data. 
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3. Nutrient Contents in Plant and Soil Pools of Four Western Conifer 

Stands 

3.1. Introduction 

Measures of tissue nutrient content are important for understanding the ways an 

ecosystem uses nutrients. They have been used to calculate nutrient budgets which have in turn 

been used to measure various processes including internal nutrient cycling in forests (Sollins et 

al., 1980). They have been used to estimate harvest removals from a system under different 

harvest scenarios. They can also be used to quantify total soil nutrient reserves, which can help 

managers make decisions (Augusto et al., 2003; Callesen et al., 2016; Vadeboncoeur et al., 

2014). 

Nutrient budgets are estimates of total nutrient mass stored in various ecosystem pools.  

They originated as an agricultural tool to help farmers determine needs for fertilizer application. 

Since then, they have been used to study how forest ecosystems store nutrients. When 

measurements of internal nutrient transfers are also included, nutrient budgets can illuminate 

how a forest ecosystem cycles nutrients internally (Sollins et al., 1980). They can also be used 

comparatively, to see how ecosystem components and internal transfers are different between 

two stands (Compton and Cole, 1998) or look at how stand nutrient storage chances with age 

(Turner, 1981). The ability to compare nutrient budgets of different stands is useful when trying 

to understand the way different species use nutrients, how similar species use nutrients 

differently at different sites, and how stands use nutrients differently under different treatments. 

Silviculture has the potential to change the way a forest uses nutrients. It can change the 

amount of nutrients stored in a tissue type or it can change the way nutrients are distributed 

between different pools. Vegetation management, for example, reduces the amount of nutrients 

stored in competing vegetation and allows the system to reallocate these nutrients to crop trees 

(Devine et al., 2011). It also changes the allometry of crop trees, which will affect the way they 

distribute nutrients to different tissues (Gonzalez-Benecke et al., 2018). 
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3.2. Literature Review  

3.2.1. Nutrient Content in Plant Tissues 

Plants distribute nutrients throughout their tissues in order to satisfy their physiological 

needs. These nutrients are often divided into two categories, based on the relative requirements 

of plants. The following are considered macronutrients and are required in larger amounts: 

carbon (C), nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and 

sulfur (S). The following are considered micronutrients and are required in much smaller 

amounts: boron (B), copper (Cu), iron (Fe), manganese (Mn), sodium (Na), and zinc (Zn) (see 

Chapter 1 for more details). 

Foliage contains a disproportionately large amount of nutrients compared to its biomass. 

While comprising only 4% of aboveground biomass in a 40 year old Douglas-fir stand, it 

contains 70% of the total aboveground N (Cole and Gessel, 1992; Turner, 1981; Turner and 

Long, 1975). Trees allocate a significant portion of nutrients to their foliage as this is where the 

majority of physiological process occur (Marschner and Marschner, 2012). As with 

concentration, nutrient content of leaves changes over time, declining after the needle reaches 

maturity. Stemwood, on the other hand, contains a large amount of biomass in established 

forests, but relatively little nutrient mass, with the exception of Ca. Heartwood, the portion of 

stemwood that is dead, contains relatively little nutrients, except carbon and calcium, which are 

associated with cellular structural elements and difficult to mobilize before tissue senescence.  

Forest floor contents are highly dependent on litter chemistry and vary as tree species 

change (Cross and Perakis, 2011; Homann et al., 1992). A study in the Oregon coast range 

looked at forest floor nutrient content under several different species. Nutrient content was 

highest under Douglas-fir, second highest under western hemlock, and lowest under western 

redcedar (except for forest floor calcium, where western redcedar was second highest). Nutrient 

content ranged from 6.8–12.4 Mg/ha (C), 149.9–345.8 kg/ha (N), 12.7–28.2 kg/ha (P), 179.8–

385.0 kg/ha (Ca), 13.9–26.3 kg/ha (Mg), and 9.7–18.2 kg/ha (K) under all species including big 

leaf maple. The nutrient content of the forest floor changes over the life of a stand, especially in 

managed stands where harvesting may disturb or significantly reduce forest floor mass. It also 

changes composition over time, young stands tend to have forest floors composed mostly of leaf 

litter, with increasing proportion of woody material over time (Turner and Long, 1975). Forest 
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floor mass increases continually (for at least the first 100 years) and decomposition rates decline 

with age (Turner, 1981). They also change in chemical composition, as forest floor in old-growth 

forests tends to have more lignin and lower concentrations of more easily degradable 

components such as simple sugar and hemicellulose (Entry and Emmingham, 1998). This lends 

more weight to the idea that the forest floor serves as a nutrient sink (Piatek and Allen, 2001; 

Turner, 1981). 

Understory plants can contain a large portion of nutrients and may account for a large 

portion of transpiration as well as production. In fertilization trials, the understory has been 

shown to take up a significant amount of added nutrients, occasionally more than crop trees 

(Chang et al., 1996). After heavy thinning of Norway spruce plantations, understory vegetation 

transpiration was 35% that of crop tree respiration (Gebhardt et al., 2014). In a series of Douglas-

fir stands, understory composed only 5% of standing biomass, but up to 17% of aboveground 

production and up to 43% of liter returned to the forest floor (Turner and Long, 1975). Thus 

understory species also have an important influence on forest floor chemistry. Under well 

stocked forests with high canopy cover, understory biomass tends to decline with age. This is 

largely due to the reduction in light availability for understory plants.  

Midstory nutrient reserves are less studied than other ecosystem components, largely due 

to their intentional eradication in managed stands or the inclusion of these species in overstory 

calculations. However, when they are allowed to develop they are capable of accumulating 

significant biomass (Flamenco et al., 2019). In the Pacific Northwest, midstory species are often 

hardwoods, which invest more nutrients in their foliage. This combined with the fact that 

canopies exert important control over nutrient cycling, implies that they can be a significant 

component that is worth studying (Prescott, 2002). 

Nutrient content changes over the life of the stand, as trees add biomass to different 

biomass pools. The rate at which this occurs depends on the productivity of the stand, with less 

productive stands having reduced biomass and nutrient contents compared to stands of similar 

ages (Turner, 1981; Turner and Long, 1975). An age sequence of Douglas-fir stands in 

Washington reveals some interesting trends, though it should be noted that these stands were N 

limited and relatively low productivity. Crown and foliar biomass and nutrient content tended to 

increase until age 40-50 after which it remained somewhat constant (the exception being foliar 
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Ca content, which continued to increase over the life of the stand). Stem and forest floor biomass 

and nutrient content, however, continued to increase with increasing stand age (Turner, 1981). 

As stems continue to grow while foliage content stabilizes, the proportion of aboveground 

biomass stored as C increases. 

3.2.2. Nutrient Content in Soils 

The LTSP sites at Mollala, OR (about 50 miles north of our study site located in 

Cascades foothills ) has total soil content of 170 Mg ha-1, 7220 kg ha-1 and 5050 kg ha-1 of C, N, 

and P respectively in the top 0.6 m of soil. The Matlock site in the Olympic Peninsula has total 

soil content of 92.4 Mg ha-1, 3300 kg ha-1, and 3290 kg ha-1 of C, N, and P respectively in the top 

0.6 cm of soil (DeBruler et al., 2019). A stand of Douglas-fir with volunteer red alder trees in the 

Oregon Coast range had 175.62 Mg ha-1, 8327 kg ha-1, and 3337 kg ha-1of C, N, and P 

respectively in the top meter of soil (Cromack et al., 1999). Under a Douglas-fir forest in the 

cascade foothills in Washington, total cation masses were 33000 kg ha-1 21000 kg ha-1 and 17000 

kg ha-1 for Ca, Mg, and K in the top 0.45 m of soil. These cation concentrations tended to 

increase slightly as depth increased, though the authors do not comment on whether these trends 

are significant (Homann et al., 1992). As researchers tend to measure exchangeable cations as 

opposed to total cations, it is difficult to find comparable datasets.  

3.2.3. Management Effects on Nutrient Content 

Management can affect nutrient content in two main ways. It can alter the concentration 

in a given tissue or it can alter the mass of a given tissue, or in many cases it may do both. Site 

preparation, planting techniques, competition control, and fertilization all lead to increased 

biomass, and as such they all will lead to an increase in tissue nutrient content (Fox et al., 2007). 

Since total root system masses are not often quantified, shifts in allocation from belowground to 

aboveground can produce this effect as well. 

In studies of VM effects during the first few years after planting, nutrient content 

differences generally occur due to significant treatment effects on biomass. Since tissue 

concentrations are generally (though not always) unaffected, treatments that produce bigger crop 

trees and/or higher seedling survival result in larger aboveground nutrient content. Vegetation 

management (VM) is an important silvicultural tool particularly because it increases seedling 

growth rates and survival (its effects on seedling tissue concentration are equivocal- see Chapter 
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2 Literature Review for more). In young plantation stands in the U.S. Pacific Northwest, crop 

trees associated with VM had larger stem, branch, and foliage biomass compared to trees in 

control plots with similar diameter at breast height (Petersen et al., 2008).  

Studies of VM and crop tree nutrient content typically only focus on young, generally 5-

year-old, Douglas-fir and Loblolly pine. A study of 13 year old loblolly pine demonstrated 

higher foliar potassium and nitrogen mass with herbaceous vegetation control but no difference 

in foliar phosphorous, calcium, and magnesium mass (Miller et al., 2006). A study of young 

Douglas-fir and seedlings at the Long Term Soil Productivity sites at Mollala, OR Matlock, WA 

and Fall River, WA, showed that VM increased crop tree biomass as well as the nitrogen content 

of foliage and whole tree (Devine et al., 2011; Slesak et al., 2010). A different study on 5-year-

old Douglas-fir found that foliage concentrations of N, P, K, S, Ca, Mg remained largely the 

same, but changes in aboveground biomass led to a greater than two fold increase in 

macronutrient content (Petersen et al., 2008). Generally, all these studies found that seedlings 

grown in treated plots attained significantly larger biomass, leading them to find that total 

nutrient content of trees was greater when growing in absence of competing vegetation. 

Management effects on total soil nutrient content are similar to soil nutrient 

concentrations effects since silvicultural prescriptions generally do not increase soil mass or bulk 

density (soil compaction upon harvesting being an exception). Generally, when there are 

differences in nutrient content, they tend to be in the top 0.2 m of soil and more pronounced at 

poor quality sites (Slesak et al., 2011). Studies of soil nutrients often focus on N or P but will 

occasionally investigate exchangeable cations.  

Long Term Soil Productivity (LTSP) sites in Oregon show that soil nutrients 

(exchangeable Ca, Mg, K, and total N) tend to increase 10 years after planting in the top 0.3 m of 

soil. However, the increase is greater when there is no vegetation control after planting  (Slesak 

et al., 2016). Total soil tends to decrease after planting. At one site the decrease was less with no 

vegetation control after planting, while at the other site the decrease was less with annual 

vegetation control after planting (Slesak et al., 2016). A follow up study looking at different P 

pools showed the same result: at one site, when there was a detectable difference in P 

concentrations of any pool, concentrations were higher with no annual vegetation control while 

the other site showed the opposite trend (DeBruler et al., 2019). Studies from different sites and 
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with different species yield different results. A similar study from the Fall River LTSP site in 

WA showed that total soil N concentrations in the top 0.15 m of soil decreased 10 years after 

planting (Knight et al., 2014). One study of loblolly pine conducted at mid-rotation found that all 

available soil nutrients declined over time but this decline was greater for C, N and Ca (Miller et 

al., 2006). A study of jack pine, red pine, western white pine and black spruce showed that 

changes to soil nutrients caused by VM vary by nutrient and species. Jack pine and red pine 

showed no statistically significant decrease in soil nutrients, white pine plots showed a decline in 

C and N, and black spruce plots showed declines in C, N, Ca and K  (Hoepting et al., 2011). In a 

study of loblolly and slash pine at rotation age, Vogel et al (2011) found that weed control 

reduced fine root biomass in deep soil layers and a decrease in soil carbon from 0.66 – 1.0 m and 

increase N in the surface (0.0-0.33 m) mineral soil. (Vogel et al., 2011) 

Most of these studies investigate young stands of only one or two crop species. They also 

typically only focus on only a few plant/soil pools (such as crop tree foliage or soil to a certain 

depth) and a few nutrients (typically N, P, K and occasionally Ca and Mg). In this study we will 

investigate how vegetation management affects the nutrient mass of wide variety of plant and 

soil pools of multiple conifer species (Douglas-fir, western hemlock, western redcedar, and 

grand fir) in two important timber producing ecoregions in Oregon (the Oregon Cascades 

Mountains foothills and the Oregon Coast Range). We will combine this mass information to 

also investigate how treatment affects the nutrient masses of all plant derived and soil derived 

pools as a whole. 

3.3. Questions and Hypotheses 

The overarching goal of this project is to understand how intensive silvicultural practices 

affect long-term site quality. The specific objective of this study is to construct nutrient budgets 

for stands of different species and sites and to compare total ecosystem, plant derived, and soil 

nutrient masses between VM and control. 

We hypothesize that midstory trees increase the nutrient storage capacity of conifer 

dominated ecosystems because they store a large quantity of nutrients in their foliage. If this is 

true, total ecosystem nutrient content will be higher in plots that did not receive herbicide 

treatment and where understory and midstory has developed.  
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3.4. Methods 

3.4.1. Description of Sites  

The Coastal Range (CR) site is located at 44.62°N, 123.57°W near Summit, OR 

approximately 40 km from the coast. The site was planted in year 2000 and experiences a mean 

annual temperature of 11.1℃ and average annual rainfall of 1,707 mm. The soil at this site is 

fine and loamy (Flamenco et al. 2019). The CR site was planted with Douglas-fir (DF) and 

western hemlock (WH) (four replicates each), and grand fir (GF) and western redcedar (WRC) 

(three replicates each). Soils at the CR site are part of the Preacher-Bohannon complex which is 

derived from siltstone and sandstone (USGS). This soil complex is classified as an Andic 

Dystrudept, meaning that while it is not an Andisol, it has high aluminum and iron activity (Soil 

Survey Staff 2015). This site sits near the western edge of the Tyee formation, a sedimentary 

rock formation that composed largely of marine micaceous sandstone and siltstone.  

The Cascade Foothills (CF) site is located at 44.48°N, 122.73°W near Sweet Home, OR 

and was planted in year 2001 with DF and WRC (four replicates each). The site has a mean 

annual temperature of 12.4℃ and an average annual rainfall of 1,179 mm. The soil at this site is 

a silty clay loam (Flamenco et al. 2019). Soils at the CF site are from the Bellpine series which is 

derived from sedimentary rock (Soil Survey Staff 2015). Soils of this series are classified as 

Xeric Haplohumults, indicating an Ultisol with high organic matter content that experiences 

seasonal drought. These soils are well drained and characterized by a more xeric moisture regime 

from the CR site. The bedrock is a mixture of basalt, sedimentary rocks, and tuff. Similar to the 

CR site, these soils are derived from sedimentary bedrock, however tuff and mafic intrusions will 

lend different chemical characteristics to these soils. Mafic rocks tend to be higher in iron and 

magnesium than sandstone. This site was formerly agricultural land that was not sufficiently 

productive and was purchased by Cascade Timber Company.  

3.4.2. Study Design  

A randomized complete block design with eight VM treatments was implemented at each 

of the two sites. The eight different VM treatments consisted of spring release applications that 

differed in the number and timing of herbicide treatments applied during the first 5 years after 

planting. Similar to Flamenco et al. (2019), for this study we used only the control (Control; only 

pre-planting vegetation control) and the 5 consecutive years of spring release vegetation 
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management treatment (VM). Plots were approximately 0.06 ha and were planted in 8 rows of 8 

trees at a 3 x 3 m spacing, resulting in a planting density of 1100 trees per ha. All plots were 

planted with a single tree species. All DF plots received pre-commercial thinning at year 12 and 

thinning residues were left on site. 

The ecosystem was divided into soil pools and plant derived pools. The plant derived 

pools were broken down into overstory (planted crop trees), midstory (hardwoods and natural 

conifer regeneration), understory (shrubs, grasses, forbs, ferns and moss) and forest floor 

(including coarse woody debris). The overstory was divided into foliage, live branches, 

stemwood, stembark, and fine roots. The midstory was broken down into foliage and bole 

(stemwood and stembark). The soil was divided into four layers (0-0.2 m, 0.2-0.4 m, 0.4-0.6 m, 

and 0.6-1 m). 

 

3.4.3. Soil Characterization  

Soil pH was measured in 1:1 soil to water ratio using a Hanna Instruments HI5522. Four 

plots from each site were chosen for texture analysis. In order to measure soil texture, 50 g of 

soil was resuspended in a 1% sodium metaphosphate solution by shaking for 4 hours and 

resuspending the soil mixture in a 1 L graduated cylinder. Solution density was measured using a 

hydrometer at 45 seconds and again at 7.5 hours. These densities were used to calculate 

percentages of sand, silt, and clay according to Miller et al., 2013. 

3.4.4. Biomass Calculations 

Overstory (crop tree) biomass was computed using tree inventory (DBH and height) data 

at age 18 years (CR site in January 2018; CF site in January 2019) and the species and site-

specific biomass functions reported in Gonzalez-Benecke et al. (2018). Midstory biomass was 

computed using tree inventory (DBH) data from July 2019 and the species-specific biomass 

functions reported in Flamenco et al. (2019). Species specific biomass functions were also used 

to calculate midstory foliar biomass for the main four midstory species: red alder (Alnus rubra 

Bong.), bigleaf maple (Acer macrophyllum Pursh), cascara buckthorn (Rhamnus purshiana 

Don.), and Oregon bittercherry (Prunus emarginata (Dougl. ex Hook.) Eaton) (Busing et al., 

1993; Flamenco et al., 2019; J.A. Kendall Snell, 1983). Since species specific foliage biomass 

equations were not available for Oregon bittercherry, an equation for pin cherry (P. pensylvanica 
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L.f.)  was used. Forerest floor biomass were taken from Flamenco et al. (2019). Understory mass 

was adjusted from Flamenco et al (2019) based on empirically derived equations relating 

understory mass and crop tree basal area. Soil samples were taken during June 2019. Soil mass 

for each layer was computed from the bulk density (methods describe below) and calculated 

volume of the layer (assuming a rectangular prism with two faces 0.2 ha and a depth of either 0.2 

or 0.4 m). 

Mineral soil samples were collected at 4 depth increments: 0-0.2 m, 0.2-0.4 m, 0.4-0.6 m, 

and 0.6-1.0 m. The top 0.2 m was sampled in spring 2017 using a 5-cm diameter PVC core (6 

samples per plot; Flamenco et al. 2019). The lower layers were collected in spring 2019 on one 

sample per layer per plot using 5 cm x 5 cm soil cores (AMS, bulk density soil sampling kit). 

Soil samples were dried at 70C and ground to pass a 2mm sieve. Dry soil mass was measured 

and used to calculate the bulk density of the layer. 

Fine roots were collected from each soil sample using a 2 mm sieve. Fine root biomass 

for each layer was calculated by scaling the mass of fine roots collected from the soil cores 

proportionally to the volume of the layer determined using a rectangular prism. This biomass 

was summed for all layers in a plot to calculate total fine root biomass. This biomass was 

partitioned into crop tree fine roots and vegetation fine roots allometrically. This was done by 

calculating a ratio between crop tree basal area and fine root biomass for the VM plots (where 

vegetation fine roots were assumed to be negligible) and applying this ratio to the Control plots- 

where any remaining fine root biomass was attributed to competing vegetation (understory and 

midstory.  

3.4.5. Nutrient Budget Calculations 

Nutrient concentrations for each pool in each plot, calculated in Chapter 2, were 

multiplied by the calculated biomass of each pool in each plot (see above) to determine the total 

mass of each nutrient in a given pool in each plot. Average values for each site, species, and 

treatment were computed by averaging across replicates. For each site, species, treatment, and 

nutrient, calculated nutrient masses of plant derived nutrient pools were summed as were total 

soil nutrient pools. 
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ICP analysis failed to detect K and Na in the stemwood samples of all species of 

overstory and midstory trees. The limit of detection is 2ppm for Na and 0.04% K (400 ppm) in 

undiluted tissue. Since it is known that actual concentrations of these nutrient are non-zero, they 

were assumed to be a fixed value for all species. Nutrient budgets were constructed assuming 

stemwood concentrations of 0.5 ppm, 1 ppm and 1.5 ppm Na and 0.01%, 0.02% and 0.03% for 

K. Treatment differences for total plant derived Na and K mass were analyzed (see next section 

for details) for each assumption in order to determine how sensitive the analysis was to this 

parameter. Since there was no statistical difference (Appendix Table S.3.1), the largest 

concentrations (1.5 ppm Na and 0.03% K) were used for further analysis. 

3.4.6. Statistical Analysis 

The Statistical Analysis Software version 9.4 (SAS Institute Inc. Cary, NC) was used for 

all statistical analysis. Analysis of variance, including Tukey multiple comparisons tests, was 

used to test the effects of site, species and treatments on all soil and plant derived pools (PROC 

MIXED, SAS Institute Inc. Cary, NC). SigmaPlot version 14 (Systat Software, Inc. San Jose, 

CA) was used to create all figures. 

All P values for DF and WRC as well as all Site parameters and interactions (Site*Trt, 

Site*Spp, and Site*Spp*Trt) were calculated from a mixed linear model using a reduced dataset 

excluding western hemlock and grand fir plots. All P values for WH and GF, as well as Spp, Trt, 

and Spp*Trt parameters were calculated from a mixed linear model using a reduced dataset 

excluding all plots from the CF site.  

3.5. Results 

3.5.1. Stand Inventory and Soil Properties 

A summary of stand attributes at age 18-years is provided in Table 3.1. In general, the 

VM treatment increased the mean height, quadratic mean diameter (QMD, cm) and basal area 

(BA, m2 ha-1) of crop trees at both sites. For example, DF in the VM treatment were on average 1 

and 2.3 m taller than the Control treatment for the CR and CF sites, respectively. Although the 

BA of crop trees was larger in the VM treatment (reaching 42.5 m2 ha-1 for WH and GF), the 

Control treatment tended to have much higher midstory BA ranging between 16.1 and 29.3 m2 

ha-1 at the CR site and 2.7 to 4.5 m2 ha-1 at the CF site. There was no midstory for any of the VM 

treatment plots with the exception of WRC at CR which had 0.7 m2 ha-1 of midstory BA.  
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Table 3.1 Average trees per ha (TPHA, ha−1), mean height (height, m), quadratic mean diameter (QMD, cm), crop 

tree basal area (BA, m2 ha−1) and midstory basal area (BA, m2 ha−1), for 18 year-old Douglas-fir (DF), western 

hemlock (WH), western redcedar (WRC), and grand fir (GF) planted stands growing under contrasting treatments of 

vegetation management on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of western 

Oregon. Control: no post- planting vegetation control, VM: sustained vegetation control for first 5 years post 

planting. 

Site Species Treatment TPHA (ha-1) Height (m) QMD (cm) 

Crop tree BA 

(m2 ha-1) 

Midstory BA 

(m2 ha-1) 

CR DF Control 681 17.1 8.5 25.1 0.0 

    VM 725 18.1 9.2 31.0 0.0 

  WH Control 868 13.5 6.7 19.4 16.1 

    VM 1032 17.2 9.0 42.6 0.0 

  WRC Control 748 6.2 4.1 7.0 29.3 

    VM 967 10.7 7.0 24.0 0.7 

  GF Control 907 11.8 5.9 16.5 17.7 

    VM 987 15.6 9.2 42.5 0.0 

CF DF Control 696 14.8 7.2 18.4 4.5 

    VM 718 17.1 8.9 28.5 0.0 

  WRC Control 352 8.7 6.4 7.0 2.7 

    VM 935 9.6 6.3 19.1 0.0 

There was a trend for the stocking of plots with VM to be higher than Control plots and 

this effect was particularly strong for WRC at the CF site which averaged 935 and 352 trees ha-1 

for the Control and VM plots, respectively. VM treatment effects were significant for all stand 

metrics (TPA, Height, QMD, crop tree BA, and midstory BA), Table 3.1. Plant derived biomass 

for each treatment is plotted in Figure 3.1.  
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Figure 3.1. Average biomass (Mg ha-1) of plant derived pools for 18 year-old stands of Douglas-fir (DF), western 

hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown under contrasting vegetation 

management treatments: no post-planting vegetation management (C), and 5-years of post-planting vegetation 

management (VM). Error bars represent standard error. An * indicates significant differences between the C and 

VM treatments for a given site and species. 
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Midstory components differed between species and sites. DF plots did not tend to 

develop midstories without VM, though there was some development on plots at the CF site. 

Western hemlock plots accumulated dense conifer regeneration in Control plots, especially ones 

that were close to the adjacent mature Douglas-fir stands, though they also contained various 

hardwood species. Grand fir Control plots developed a similar basal are of midstory species 

compared to western hemlock, but this was mostly composed of native broadleaf species, with 

less conifer regeneration. Midstory development in western redcedar plots had remarkably 

different trajectories at the two different sites. At the CF site there was very little midstory 

development even though there was significant crop tree mortality. At the CR site, there was less 

crop tree mortality, however there was significant, dense midstory composed largely of broadleaf 

species.  

Soil physical and chemical properties are listed in Table 3.2. Soils at both sites were 

acidic with pH averaging 4.85 at the CR site and 5.05 at the CF site for all depths, and no 

significant differences across species or treatments. Soil bulk density did not vary by treatment 

but did vary significantly in the 0.4-0.6 m layer for grand fir, Table 3.3. 

Table 3.2. Average pH, bulk density, and texture of four layers of soil (0-0.2 m, 0.2-0.4 m, 0.40-0.6 m, and 0.6-1.0 

m) for study sites in the Oregon Coast Range (CR) and Cascade Foothills (CF). Standard errors are included in 

parentheses. 

Site  Depth  pH  

Bulk Density 

(g cm-3) 

Sand  

(%) 

Clay  

(%) 

Silt  

(%) 

CR 0-0.2 m 4.71 (0.04) 0.704 (0.013) 30.4 (4.4) 38.0 (4.7) 31.6 (3.6) 

 0.2-0.4 m 4.88 (0.04) 0.790 (0.015) 21.3 (5.4) 48.9 (7.3) 29.8 (2.6) 

 0.4-0.6 m 4.92 (0.03) 0.822 (0.018) 14.6 (2.8) 60.4 (4.6) 25.0 (3.1) 

 0.6-1.0 m - - 15.9 (4.4) 58.1 (3.9) 26.0 (2.2) 

CF 0-0.2 m 5.19 (0.07) 0.706 (0.021) 21.8 (1.8) 34.3 (1.7) 43.9 (0.4) 

 0.2-4 m 5.05 (0.07) 0.738 (0.022) 13.9 (1.5) 42.6 (1.9) 43.5 (0.8) 

 0.4-6 m 4.81 (0.05) 0.814 (0.019) 14.0 (2.3) 40.9 (2.6) 45.1 (2.3) 

  0.6-1.0 m - - 17.0 (3.0) 43.5 (2.7) 39.5 (0.6) 

3.5.2. Nutrient Budget Summary 

Summary of ANOVA tables including P-values for all effects for macro and micro 

nutrient mass in all ecosystem pools can be found in Appendix Tables S.3.2-S.3.14. Similarly, 

while several nutrient budgets will be highlighted in this section, all budgets can be found in 

Appendix Figures S.3.1-13. Masses of each nutrient stored in each tissue for all sites, species, 

and treatments can be found presented in table format in Appendix Tables S.3.15-S.3.40. In 

general, macro nutrient masses stored in aboveground crop tree tissues (specifically foliage, 
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branches, bark, and stemwood) displayed a significant species x treatment effect, largely because 

the biomass of crop trees responded to treatment differently for each species (data not shown).  

 A summary of the ANOVA tables for the effects of site, species, treatment, and their 

interactions on total plant derived and total soil nutrient mass is shown in Table 3.3. For 

simplicity, this table only looks at total plant derived nutrients (calculated as the sum of crop 

tree, midstory, understory, and forest floor masses) and total soil derived nutrients (calculated as 

the sum of all soil depths masses). Total plant derived mass of carbon, Mg and S had a site x 

species x treatment interaction suggesting that the effect of VM on storage of these elements 

varies widely with site and crop species. Total plant derived masses of P displayed a significant 

treatment effect only for WH and GF, VM effect on K was only significant for GF. B, Mn, Cu, 

and Zn were the only micronutrients that displayed a significant treatment effect, though for all 

this effect varied by species. Ca was the only nutrients that showed consistent differences across 

species (no spp x trt interaction, Table 3.3). Ca was the only nutrients to be affected by VM 

independent of site and species. With the exception of C, N and Zn there was a significant effect 

of site on total soil nutrient mass (soil S masses were not quantified in this study). The only 

nutrient where total soil nutrient mass varied by treatment was Mg (Table 3.3). 

3.5.3. Carbon Budget  

Figure 3.2 displays the carbon mass at age 18 years. Vegetation management plots had a 

significantly higher mass of carbon stored in plant derived tissues across species (P=0.003). The 

only exception to this was WRC at the CR site, where crop tree growth was reduced but the 

midstory contained significant biomass (difference not significant, P=0.102). In WRC Control 

plots, the midstory and understory contributed 75% of the total carbon mass at the CR site and 

32% at the CF site. Due to this, the carbon mass of the Control treatment was greater than the 

VM at CR, but the opposite was true at CF, although these differences were not significant. In 

Control plots of GF and WH, the midstory and understory contributed around 47% of total 

carbon mass. Soil carbon stocks were, in general, not significantly affected by treatment or site 

across all species (P=0.332). The exception was WRC were VM plots showed reduced total soil 

carbon mass (P=0.018).  
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Table 3.3. Results of ANOVA test for stand characteristics, nutrient pools of plant derived matter and soil 

characteristics for Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting 

treatments of vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade 

foothills (CF) of western Oregon (Site). Stand characteristics include: stand trees per hectare (TPHA), mean height, 

basal area (BA) and quadratic mean diameter (QMD). Nutrient pools include plant derived matter (sum of crop 

trees, midstory, understory, and forest floor) and total soil pool (0-1 m). Soil characteristics include: bulk density for 

the top three layers (0-0.2 m, 0.2-0.4 m and 0.4-0.6 m). Significant differences are highlighted in bold. 

Stand Characteristic Site Spp Trt Site x Spp Site x Trt Spp x Trt Site x Spp x Trt 

TPHA  0.031 0.012 <0.001 0.026 0.071 0.002 0.012 

Height  0.999 <0.001 <0.001 0.008 0.142 0.118 <0.001 

BA  0.018 <0.001 <0.001 0.456 0.983 <0.001 0.104 

QMD  0.252 <0.001 <0.001 0.008 0.213 0.350 <0.001 

Nutrient Pool* Site Spp Trt Site x Spp Site x Trt Spp x Trt Site x Spp x Trt 

C Plant <0.001 0.048 0.003 0.013 0.003 0.001 0.018 

 Soil 0.469 0.403 0.332 0.975 0.198 0.501 0.305 

N Plant 0.012 0.732 0.341 0.282 0.075 0.013 0.067 

 Soil 0.445 0.087 0.161 0.802 0.316 0.341 0.287 

P Plant 0.009 0.002 0.045 0.027 0.036 0.002 0.105 

 Soil 0.002 0.256 0.835 0.340 0.735 0.964 0.975 

K Plant 0.343 0.015 0.654 0.491 0.123 0.019 0.120 

 Soil <0.001 0.052 0.323 0.726 0.261 0.937 0.272 

Mg Plant 0.001 0.196 0.001 0.080 0.004 0.021 0.020 

 Soil <0.001 0.018 0.051 0.254 0.369 0.537 0.461 

Ca Plant 0.215 0.011 0.016 0.132 0.222 0.245 0.930 

 Soil <0.001 0.071 0.205 0.688 0.817 0.749 0.833 

S Plant 0.001 0.703 0.013 0.024 0.005 0.069 0.003 

B Plant 0.211 0.004 0.002 0.060 0.155 0.005 0.123 

 Soil <0.001 0.701 0.436 0.814 0.779 0.728 0.803 

Mn Plant <0.001 <0.001 <0.001 0.709 0.288 0.001 0.912 

 Soil <0.001 0.080 0.494 0.543 0.766 0.739 0.517 

Fe Plant 0.207 0.299 0.246 0.207 0.206 0.299 0.207 

 Soil <0.001 0.674 0.296 0.759 0.666 0.785 0.920 

Cu Plant 0.271 0.009 0.019 0.002 <0.001 <0.001 0.095 

 Soil <0.001 0.739 0.059 0.975 0.465 0.828 0.022 

Na Plant <0.001 <0.001 0.907 <0.001 0.124 0.260 0.266 

 Soil <0.001 0.007 0.227 0.214 0.449 0.125 0.312 

Zn Plant 0.338 0.008 0.015 0.907 0.255 0.005 0.695 

 Soil 0.708 0.229 0.314 0.563 0.970 0.720 0.897 
         

Soil Characteristic Depth Site Spp Trt Site x Spp Site x Trt Spp x Trt Site x Spp x Trt 

Bulk Density 0-0.2 m 0.713 0.651 0.033 0.041 0.872 0.853 0.451 

 0.2-0.4 m 0.201 0.572 0.802 0.869 0.999 0.046 0.523 

  0.4-0.6 m 0.369 0.017 0.483 0.287 0.222 0.485 0.677 
*: Plant is plant derived matter (sum of crop trees, midstory, understory, and forest floor) and Soil is total soil pool (0-1 m) 



70 

 

P
la

n
t 

C
a

r
b

o
n

 (
M

g
 h

a
-1

)

0

20

40

60

80

100

120

P
la

n
t 

C
a

r
b

o
n

 (
M

g
 h

a
-1

)

0

20

40

60

80

100

120

Foliage 
Branches 
Bark 
Stem 
Crop Tree Fine Roots 
Midstory Foliage 
Midstory Wood 
Understory 
Vegetaton Fine Roots 
Forest Floor 

Species-Treatment

D
F

 -
 C

D
F

 -
 V

M

W
H

 -
 C

W
H

 -
 V

M

W
R

C
 -

 C

W
R

C
 -

 V
M

G
F

 -
 C

G
F

 -
 V

M

S
o

il
 C

a
r
b

o
n

 (
M

g
 h

a
-1

)

0

50

100

150

200

250

Species-Treatment

D
F

 -
 C

D
F

 -
 V

M

W
R

C
 -

 C

W
R

C
 -

 V
M

S
o

il
 C

a
r
b

o
n

 (
M

g
 h

a
-1

)

0

50

100

150

200

250

Col 64 
Col 66 

Soil 40-60 cm 
Soil 0-100 cm 

          *          

          *          

          *          

          *          

          *          

M
a

ss
 P

h
o

sp
h

o
ro

u
s 

(k
g
 h

a
-1

)

0

20

40

60

80

100

120

140

160

0

20

40

60

80

100

120

140

160

Foliage 
Branches 
Bark 
Stem 
Crop Tree Fine Roots 
Midstory Foliage 
Midstory Wood 
Understory 
Vegetaton Fine Roots 
Forest Floor 

Species-Treatment

D
F

 -
 C

D
F

 -
 V

M

W
H

 -
 C

W
H

 -
 V

M

W
R

C
 -

 C

W
R

C
 -

 V
M

G
F

 -
 C

G
F

 -
 V

M

M
a

ss
 P

h
o

sp
h

o
ro

u
s 

(k
g
 h

a
-1

)

0

20000

40000

60000

80000

Species-Treatment

D
F

 -
 C

D
F

 -
 V

M

W
R

C
 -

 C

W
R

C
 -

 V
M

0

20000

40000

60000

80000

Soil 0-0.2 m
Soil 0.2-0.4 m
Soil 0.4-0.6 m
Soil 0.6-1.0 m 

          *          

          *          

 

Figure 3.2. Average carbon stocks (Mg ha-1) of soil and plant derived nutrient pools for 18 year-old stands of 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 

 

3.5.4. Nitrogen Budget 

There was a significant species x treatment effect for N plant derived mass (P=0.013, 

figure 3.3). At the CR site the N mass was larger in the VM treatment for WH (P=0.032), but no 

difference was detected for other species (P>0.1). This was, in part, due to the robust understory 

and midstory in the WH and WRC Control plots which contained 48% and 66% of total plant 

derived N mass, respectively. At the CF site the plant derived N mass was larger in DF than in 

WRC. In Control plots, total crop tree biomass was significantly reduced, resulting in lower 

nitrogen mass stored in the crop tree tissue types. Total soil N mass did vary by site, but was 

affected by VM treatment for WH and WRC. For WH, soil N was larger in VM plots and for 

WRC soil N was larger in Control plots (P=0.021 and P=0.039 respectively).  
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Figure 3.3. Average nitrogen (N) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old stands of 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 

 

3.5.5. Phosphorous Budget 

There was a significant species x treatment effect (P=0.002) for total plant derived P 

stocks such that only WH and GF displayed treatment effects (Figure 3.4). WH and GF had more 

total plant derived P mass in VM plots. On the other hand, WRC had more plant derived P mass 

in Control plots at the CR site (P=0.046). For these plots, there was less P in crop tree derived 

tissues and much in the midstory and understory, which accounted for 44% of total plant 

phosphorous. This effect was opposite at the CF site due to a less abundant midstory. Total soil 

pools were not affected by VM treatments but were significantly lower at the CR site (P=0.853 

and P=0.002 respectively).  

      

*      . 

      

*     . 
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Figure 3.4. Average phosphorous (P) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old stands 

of Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown 

under contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of 

post-planting vegetation management (VM). Error bars represent standard error. An * indicates significant 

differences between the C and VM treatments for a given site and species. 

 

3.5.6. Potassium Budget 

There was a significant species x treatment effect (P=0.019) for plant derived K mass 

such that VM only increased K mass in GF (Figure 3.5). Plant derived K mass was similar 

between treatments for all other species at both sites (P=0.654). Total soil K mass was larger at 

the CR site (P<0.001) and was not affected by VM treatments.   

      

*      . 
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Figure 3.5. Average potassium (K) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old stands of 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species.  

 

3.5.7. Boron Budget 

There was a significant effect of VM treatments on plant derived mass of B across all 

species (P=0.002, Figure 3.6). WRC was the only exception, showing no differences between 

treated and untreated plots (P>0.2). In WRC Control plots, the midstory and understory 

contributed 41% of total B mass at the CR site and 49% at the CF site. In GF and WH plots, the 

midstory and understory contributed 49% and 52% of total B mass respectively. Soil pools 

varied significantly by site (P<0.01), with the CR site having significantly reduced mass. 

Interestingly, DF foliar concentrations of B were significantly lower at the CR site and indicate 

marginal B bioavailability (Stone 1990). 
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Figure 3.6. Average boron (B) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old stands of 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 

 

3.5.8. Iron Budget 

Unlike previous nutrients, Fe was disproportionately stored in fine roots and forest floor, 

and very little was stored in aboveground, living plant tissue (Figure 3.7). There were significant 

differences in Fe mass stored in many different crop tree derived tissues across sites and across 

treatments (P<0.05, Appendix Tables S.3.23 and S.3.24), though there was no significant effect 

on total plant derived Fe mass. Since the concentrations in these crop tree pools do not vary by 

site or treatment, this difference was largely driven by differences in biomass. The total soil mass 

of Fe was greater at the CF site, but was unaffected by treatment. 
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Figure 3.7. Average iron stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old stands of Douglas-

fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). Stands were grown under contrasting 

vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-planting 

vegetation management (VM). Error bars represent standard error. An * indicates significant differences between 

the C and VM treatments for a given site and species. 

 

3.5.9. Nutrients in Harvestable Pools 

Distribution between tissues is important with regards to harvest removals. As typical 

harvest practices remove only the boles of trees, nutrients with high stemwood and stembark 

content are going to be removed in greater quantities. Table 3.4 reports the percentage of each 

nutrient stored in crop tree stem bark as a proportion of the mass stored in aboveground tissue. 

As VM increases the biomass allocation to crop trees, it is no surprise that for almost all of these 

nutrients, a greater percentage of the total plant derived nutrients are stored in crop tree stems in 

VM plots. Removals are generally lowest for WRC C plots since the crop trees represent a 
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proportionately small amount of overall nutrient storage. Removals are generally highest for WH 

VM followed by GF VM, which also makes sense since these were the conditions where crop 

tree biomass was greatest.  

Table 3.5 shows the mass of each nutrient in stembark and stemwood, standardized by 

the mass of wood produced in Mg. At the CR site, WRC contained the most N, Ca, Mg, S, B, Fe 

and Zn in harvestable tissue when normalized to wood production and WH contained the most P, 

Cu, and Mn. DF had the lowest quantities of several nutrients, including N, Ca, Mg, B, Cu, and 

Fe contained in stemwood and stembark per unit wood produced. Differences between sites are 

less apparent than differences between species. At the CF site, both species contain notably more 

N in their stemwood and stembark, and DF contained more Mn. At the CR site, WRC contained 

more Ca and Fe in its stembark and stemwood. This shows that the different allocations to 

different tissues has a potentially meaningful effect on how nutrients would be removed in a 

harvest. At both sites, DF was the species that tended to contain less nutrient mass in harvestable 

tissues per unit of stemwood. However, it should be noted that this is only a snapshot of where 

nutrients are stored at 18 to 19 years and further study is needed to confirm whether or not these 

trends continue to a rotation age.  

Table 3.4. Percentage of total plant derived nutrient mass stored in crop tree stembark and stemwood for pools for 

18 year-old stands of Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF). 

Stands were grown under contrasting vegetation management treatments: no post-planting vegetation management 

(C), and 5-years of post-planting vegetation management (VM). 

Site Species Treatment C N P K Ca Mg S B Cu Fe Mn Na Zn 

CR DF C 59.1 13.4 15.8 21.2 23.3 17.7 32.8 23.0 31.3 3.4 10.8 32.0 34.8 

  VM 61.2 13.6 17.4 31.8 15.8 21.4 34.3 24.8 34.0 3.8 11.4 18.6 37.7 

 WH C 29.3 7.2 9.9 11.1 12.8 9.6 12.3 14.7 17.1 3.6 13.3 8.6 16.0 

  VM 65.3 25.6 25.2 30.3 31.8 28.7 47.1 28.7 45.2 8.4 28.1 22.1 39.9 

 WRC C 7.9 2.2 2.0 2.4 6.6 2.7 2.9 5.3 4.1 0.6 2.2 2.1 5.8 

  VM 41.7 10.3 9.3 13.4 24.4 16.4 27.0 24.3 21.7 6.3 6.2 9.5 21.5 

 GF C 29.9 10.0 9.3 13.2 14.7 10.2 11.3 16.1 20.2 3.1 13.7 8.4 21.4 

    VM 67.0 20.8 15.8 20.2 22.3 27.0 45.5 31.7 38.9 13.7 20.7 14.2 28.2 

CF DF C 50.6 18.2 14.0 14.8 14.7 12.4 24.6 18.1 31.8 4.6 13.4 8.8 35.3 

  VM 59.8 19.3 15.8 22.0 15.4 18.4 36.0 21.1 46.5 6.7 11.3 15.3 41.9 

 WRC C 23.3 12.5 4.5 3.6 8.4 5.3 11.6 7.2 9.9 1.0 1.4 1.8 6.6 

    VM 38.3 24.6 8.9 9.6 11.7 12.5 23.0 16.3 17.7 2.2 2.5 4.4 15.3 
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Table 3.5. Mass of nutrients stored in crop tree stembark and stemwood standardized by mass of stemwood 

produced for pools for 18 year-old stands of Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), 

and grand fir (GF). Stands were grown under contrasting vegetation management treatments: no post-planting 

vegetation management (C), and 5-years of post-planting vegetation management (VM), but the values presented 

here are for the VM treated plots only. 

  Macronutirents (g nutrient/Mg wood) Micronutirents (mg nutrient/Mg wood) 

Site Species N P K Ca Mg S B Cu Fe Mn Na Zn 

CR DF 23.6 3.5 19.8 18.4 3.9 9.5 0.71 0.31 4.13 7.32 5.21 20.05 

 WH 27.2 5.2 15.6 31.4 4.1 9.0 0.77 0.47 5.01 31.04 3.40 16.96 

 WRC 33.8 3.6 15.0 110.8 7.5 10.9 1.49 0.42 13.33 4.62 3.82 49.97 

 GF 26.3 3.0 13.2 33.3 4.7 8.7 0.92 0.46 8.37 13.51 1.77 20.56 

CF DF 32.2 3.5 14.8 21.8 3.1 9.3 0.77 0.61 8.35 11.60 2.37 18.35 

 WRC 90.1 3.9 15.4 64.7 5.6 10.0 1.45 0.43 7.74 4.66 1.38 47.85 

 

3.6. Discussion 

3.6.1. Plant derived nutrient content 

Nutrient content depends partially on the biomass of each component. VM treatments 

resulted in different stand characteristics. The stocking, height, basal area, and quadratic mean 

diameter were all greater under the VM treatment. This means that there were more crop trees in 

the VM plots and that they were larger in both height and diameter. The inverse is true with 

regards to midstory and understory development. VM plots had less midstory BA and tended to 

have lower understory mass (it should be noted that previous understory biomass calculations 

were adjusted based on an empirically derived inverse relationship between understory biomass 

and crop tree basal area). DF was a notable exception to this trend, as these stands tended not to 

develop a large midstory or understory biomass even in the Control plots. At this point in stand 

development, the midstory and understory biomasses were generally seen to decline (except for 

stands with low crop tree survival). This is because they are being overtopped by the crop trees 

and dying due to lack of light.  

The age series presented by Turner and Long (1975) and Turner (1981) provides an 

excellent opportunity to compare datasets of macronutrient masses in Douglas-fir stands. In their 

analysis, the stands were grown under poor, severely N limited conditions in WA state. The 

stocking (822-2756 trees ha-1) and basal area (32-57 m2
 ha-1) of all stands in their age series were 

greater than the stands presented here, which averaged 703 trees ha-1 and 28 m2 ha-1 at the CR 

site and  707 trees ha-1 and 23 m2 ha-1 at the CF site. Lower stocking in our study may be due to 

thinning that occurred in DF stands at age 12. The foliar biomass in Douglas-fir stands in this 
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analysis were greater than the maximum noted in Turner and Long (1975), which peaked around 

40-50 years. The biomass of stemwood, however, was less than that of the 22-year-old Turner 

stand. The weight of the bark and forest floor in this analysis was around that of the 30 year old 

stand in Turner, though the forest floor mass was higher, but not as high as the 42 year old stand 

(Turner and Long, 1975). With the exception of N, the macronutrient masses followed a similar 

trend. In general, foliage masses of P, K, and Ca were similar to that of the 42-year-old stand 

(note that with the exception of Ca, this is when foliage masses reached their maximum in the 

age series). The foliar nitrogen masses observed in our analysis were unsurprisingly higher than 

any of the stands in Turner (1981). Bark and stemwood masses of P, K, Ca were similar to or 

less than the 22-year-old stand whereas N bark and stemwood mass was comparable to the 30 

year old. The forest floor mass of all nutrients was similar to the 42-year-old stand in Turner 

(1981). The most notable differences between these analyses were the significantly greater foliar 

biomass and relative mass of N caused by the N limitations of the WA stands. All other nutrient 

masses were comparable based on stands with similar biomass (Turner, 1981). Plant derived 

masses of Ca, Mg, and K are comparable to those of 50 year old Douglas-fir stands in the WA 

Cascade foothills, though Mg and K masses were 47% and 36% greater respectively at the CR 

site (Homann et al., 1992).  

3.6.1.1. Treatment effects 

Calcium is the only element that displayed treatment differences without respect to site 

and species. All other nutrients with notable treatment effects varied either by site or by species 

or both. Mn, N, and K all displayed significant species x treatment effects. All other nutrients 

that were affected by treatment showed different responses to treatment based either on site (Cu, 

P), species (B, Cu, P, Zn), or site and species (C, Mg, S). Cu and N all displayed a marginally 

significant Site x spp x trt interaction (P<0.1). This means that general trends about treatment 

effects can only be made for Ca. With very few exceptions, all crop tree tissues (foliage, 

branches, bark, and wood) had significantly greater masses with VM treatment for all species 

and nutrients. This is due to significant treatment differences in biomass for these tissues. 

Midstory tissues (midstory foliage and midstory wood) only showed significant treatment 

differences for WRC, with Control plots having higher nutrient mass. Understory nutrient masses 

generally only had significant treatment differences for DF, with Control plots having greater 

nutrient mass. Forest floor nutrient masses displayed very few treatment effects. The balance of 
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these treatment effects on different tissues governed the responses of the total plant derived 

nutrient masses to treatment. 

WRC plots responded very differently to the control treatment based on site. Differences 

in stand development were the driving factors behind the numerous site x species x treatment 

effects were for plant derived nutrient masses. At both sites, there was significant crop tree 

mortality in the absence of vegetation control, though it was more pronounced at the CF site. At 

the CR site, which experiences higher rainfall and shorter summer drought, there was significant 

recruitment of midstory species with an average basal area of 29.3 m2 ha-1 in the Control plots 

(not including crop trees). At the CF site, there was little midstory development, only 2.7 m2 ha-1 

in the Control plots (Table 3.1). This may be due to differences in rainfall and summer drought, 

but may also be attributable to previous land use practices. The CF site in on reforested 

agricultural land and may not have as robust of a seed source or resprouting source for native 

hardwoods. At the CR site, Control plots developed more biomass due to the rapid accumulation 

of early seral hardwoods such as cherry and red alder, which were more productive than the 

shade tolerant western redcedar trees. At the CF site, the lack of midstory growth in Control plots 

led to a lower biomass accumulation than VM plots. Generally, aboveground nutrients followed 

the same trend, with Control plots having more plant derived nutrients at the CR site and VM 

plot having more at the CF site.  

If the CR WRC data is excluded from the analysis, several nutrients display a constant 

treatment trend. C, Cu, P, and B all tend to have greater plant derived masses in VM plots (with 

the exception of WRC plots at the CR site). This suggests that for these four elements, the 

direction of treatment effects depends largely on the development of midstory in the absence of 

VM.  

Treatment effects of Ca were not altered by this difference in midstory development, and 

the WRC VM plots at the CR site had greater mass than did the Control plots.  This is partially 

due to the fact that WRC tends to sequester more Ca and generally has higher tissue 

concentrations than did the midstory species (Chapter 2, Table 2.2 and Appendix Table S.2.1). 

The VM plots had higher crop tree survival and growth, and averaged 3.5 times more 

aboveground crop tree biomass. This combined with the elevated tissue concentrations, 

overwhelmed the effect of the midstory. 
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3.6.1.2. Site effects 

Site effects on plant derived nutrients were driven by differences in plant derived biomass 

between sites in some circumstances, but were also driven by differences in tissue concentrations 

between sites, such as with Mn. DF and WRC stands growing at the CR site tended to have 

greater plant derived biomass, which generally led to increased nutrient mass if there were no 

notable site-based concentration differences (with the exception of K, Ca, and Cu). B, Fe, and 

Mn had higher plant nutrient concentrations for various tissues of DF and WRC at the CF site. 

Due to this, B and Fe did not have significant Site effects. Mn, however, had a significant Site 

effect. The concentration differences between sites were so large, that the CF site had higher 

plant derived Mn mass. 

3.6.1.3. Species effects 

Ca was the only nutrient that displayed species effects on plant derived nutrient content 

without any interactions. WRC and GF had greater plant derived Ca when compared to other 

species with at the same site under the same treatment (see Appendix Figure S.3.3). This is in 

agreements with studies in the inner mountain west that show GF to have more aboveground Ca 

content than DF (Parent and Coleman, 2016). The finding that WRC has high nutrient content 

compared to other species is unsurprising given that high Ca tissue concentrations are well 

documented and the species has been referred to as a ‘calciphile’ (Gessel et al., 1951; Krajina, 

1969; Radwan and Harrington, 1986)  

3.6.1.4. Nutrient distribution between tissues 

Fe has a notably different nutrient budget than some of the others presented. The nutrient 

content is concentrated primarily in the fine roots and forest floor, whereas many other nutrients 

are preferentially allocated in leaves and other aboveground tissues. Iron is a unique nutrient in 

many ways. It is required in high amounts in meristems of actively growing tissue (Marschner 

and Marschner, 2012; Mengel, 1994). It tends to accumulate in root apoplasts and bind to 

hemicellulose, often in concentrations orders of magnitude higher than in the leaves (Marschner 

and Marschner, 2012; Mengel, 1994; Strasser et al., 1999). These stores may function to help 

prevent against Fe deficiency if plants are able to effectively mobilize this nutrient (Zhu et al., 

2016). Notably, when Fe arrives at its destination in aboveground tissue, it is often permanently 

immobilized, and is unable to be retranslocated from older to newer tissue. This means that the 
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concentration of iron in litter is likely to be higher than in living tissue. For a similar reason, it is 

less likely than more mobile nutrients to leach from litter. This may explain why the forest floor 

is enriched with iron compared to other tissues, though one study suggests that these inputs are 

too small and high forest floor concentrations are due to bioturbation of Fe from mineral soil into 

the litter layer (Li et al., 2017).  

3.6.2. Soil nutrient content 

Soil nutrient content for N and K in the top 0.6 m are similar to the Matlock, WA site in 

the LTSP. Soil P content however, was around half of that site, much closer to the “lower 

quality” site near Mollala, OR (DeBruler et al., 2019). The soil contents of N, P, and K in the top 

1 m of soil at the CR site, agree well with data from another site in the Oregon Coast Range 

(Cromack et al., 1999). Soil cation masses were between 87% and 54% lower than those reported 

under a DF stand in the Washington Cascade Foothills.  (Homann et al., 1992). The largest 

difference was between Ca soil mass reported by Homann et al. (1992) and the Ca soil mass at 

the CR site. This is to be expected somewhat, as high N content in the Oregon Coast range has 

been linked with Ca leaching (Compton et al., 2003; Homann et al., 1992; Hynicka et al., 2016).  

There were relatively few effects on soil nutrient content. Site effects on soil nutrient 

content show similar patterns to soil nutrient concentration, as soil bulk densities (and thus mass 

of soil layers) were similar between sites. Mg was the only element that displayed marginally 

significant treatment effect across all species. Cu displayed a significant Site x Species x Trt 

interaction due to the large difference between soil content in treatments for DF at the CF site. 

Mg and Na displayed significant differences between species. Mg generally had the lowest 

concentrations under WH. This may indicate that there is greater uptake or leaching of this 

nutrient under this species. It may also indicate that there is a blocking effect on soil Mg 

concentrations or that the sampling regime was too simple to characterize soil heterogeneity 

(though it should be noted that block was included as a random factor in the mixed model). 

There was a significant Site x Spp x Trt effect for soil C in the 0.4 m – 0.6 m depth increment 

(Appendix Table S.3.3) with C masses tending to be larger in Control plots. This is contrary to 

the findings at the Fall River LTSP site which found higher deep soil carbon with VM (Knight et 

al. 2014). Notably, the reduced soil N concentration in VM plot of WRC at the CR site resulted 

in an overall decrease in total soil N mass. This may indicate the potential for VM applied to a 
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slow growing species, such as WRC, to reduce ecosystem retention of N. As N is a common 

limiting nutrient in these forests, this has the potential to reduce growth of current and future 

stands (Mainwaring et al., 2014). 

 Generally, the lack of treatment differences in soil nutrient masses can be attributed to 

the fact that total soil nutrient reserves were one to three orders of magnitude greater than plant 

derived pools (with the exception of C and N). Any treatment differences in these nutrients (such 

as Cu or Mg) thus can likely not be explained entirely by differences in plant uptake, but may 

instead reflect soil heterogeneity, differences in leaching, or sampling/analysis error. The average 

standard error for Mg soil measurements for a given site, species, treatment, and depth was 570 

kg ha-1 and the maximum plant derived mass was ~120 kg ha-1. 

3.7. Management Implications 

Sustained vegetation management regimes tend to increase nutrient mass stored in crop 

tree tissues while having little effect on concentration. When other ecosystem components are 

included, the differences in plant derived nutrient mass between VM and Control plots become 

much less pronounced, and in some cases, Control plots even have higher nutrient masses such 

as for WRC at the CR site. 

Total soil nutrient reserves are 10 to 1000 times greater than the amount stored in plant 

tissue (excluding C, which is not taken up via plant roots). Given that standard harvesting 

practices only remove stemwood and bark, the proportion of nutrient capital removed by 

harvesting is relatively low compared to total ecosystem nutrient storage. WRC at the CR site, 

however, showed reduced total soil N mass under VM, indicating the potential for sustained 

vegetation control to reduce ecosystem N retention when this treatment is applied to a slow 

growing species, such as WRC. Nevertheless, it should be noted that this study quantified total 

soil nutrient pools and not exchangeable/plant accessible nutrient pools. 
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4 Nutrient Ratios, Foliar Vector Analysis, and Nutrient Use Efficiency 

of Four Western Conifers Stands Growing Under Contrasting 

Competing Vegetation Control Treatments 

4.1 Introduction 

Plants require nutrients in certain amounts in order to satisfy their physiological needs. 

The proportion of the concentration between different nutrients (nutrient ratios) in different 

components of the tree, specifically foliar ratios, are useful to investigate the nutrient status of a 

stand. These ratios are considered a better way to diagnose nutrient deficiencies, as they may be 

more reliable than nutrient concentration and less susceptible to systematic error. Additionally, 

they are used as guidelines for predicting responses to fertilizer application. For example, foliage 

with a high N:S ratio indicates that those trees are not equipped with enough sulfur to synthesize 

more proteins, as two key amino acids contain S. This means that addition of N fertilizer, which 

helps plant synthesize more foliar proteins and expand photosynthetic capacity, may not be very 

effective, since protein synthesis may be limited by S.  

Nutrient use efficiency (NUE) is a concept borrowed by forestry from agriculture. NUE 

generally refers to a ratio of some measure of primary productivity on a basis of nutrients taken 

up by the stand (Chapin, 1980). Since nutrient use and recycling in forests is complicated and 

measuring total plant nutrient uptake is more difficult in forests than in annual crops, different 

researchers have defined different ways to calculate this efficiency. Vitousek (1982), for 

example, suggests calculating NUE in terms of litterfall production per mass nutrient shed in 

litterfall- as nutrients lost in litterfall must be replaced via nutrient uptake. Other publications 

measure NUE as some measurement of growth (net primary productivity (NPP), aboveground 

net primary productivity (ANPP), biomass increment etc., respiration) (Binkley et al., 1992; 

Bridgham et al., 2016; Chapin, 1980). In the absence of annual uptake data and annual 

productivity data, we will be exploring a proxy for NUE that more closely resembles the nutrient 

efficiency ratio in crop science (Agüero and Kirschbaum, 2013). This will be calculated by 

dividing the plant derived carbon or the carbon in crop tree boles by the total plant derived 

masses of various nutrients. While this way of investigating NUE may not be as interesting to 

ecosystem ecologists, we think it will be useful for managers hoping to maximize carbon storage 

or timber yield while using a minimal amount of site nutrients. 
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Vector analysis provides an alternative way of judging the effects of silvicultural 

treatments on nutrient status of plants as well as an alternative way to understand nutrient 

deficiencies outside of critical concentrations or ratios (Haase and Rose, 1995). This technique 

involves comparison of nutrient concentration, nutrient content, as well as some growth 

measurement between two or more stands. It can be used to detect nutrient imbalances and help 

diagnose nutrient limitations (Timmer and Armstrong, 1987). As a technique it is useful in that it 

does not require previous determination of critical nutrient values, as the effects of silvicultural 

treatment are seen comparatively. Additionally, tree species are able to reduce growth rates in 

order to maintain sufficient foliar nutrient levels, which may make deficiencies hard to detect in 

some cases (Haase and Rose, 1995).  

4.2 Literature Review 

4.2.1 Nutrient Ratios in Plant Tissues 

Plants distribute nutrients throughout their tissues in order to satisfy their physiological 

needs. These nutrients are often divided into two categories, based on the relative requirements 

of plants. The following are considered macronutrients and are required in larger amounts: 

carbon (C), nitrogen (N), phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), and 

sulfur (S). The following are considered micronutrients and are required in much smaller 

amounts: boron (B), copper (Cu), iron (Fe), manganese (Mn), sodium (Na), and zinc (Zn) (see 

Chapter 1 for more details). 

The Redfield ratio is an important ecological concept concerning the behavior of 

plankton growth and nutrient use. On a global scale, all plankton communities conform quite 

strictly to a specific C:N:P ratio of 106:16:1 in their biomass (Redfield, 1934). This concept was 

foundational for developing an understanding of algal physiology and nutrient limitation in these 

communities of primary producers. Terrestrial plants, however, behave somewhat differently, 

specifically due to their higher affinity for carbon than their single celled marine counterparts. 

This extra carbon is structural elements needed to support standing plant tissue, which algae have 

no need for. From a whole organism standpoint, there is no Redfield-like ratio for woody 

terrestrial plants. There is, however, some consistency in foliar, litter, and fine root nutrient ratios 

across terrestrial forested biomes (Jackson et al., 1997; McGroddy et al., 2004). These ratios-

foliage (1212:28:1), litter (3007:45:1), and fine roots (450:11:1) indicate a higher affinity for C 
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than in algal systems as well as a slightly higher affinity for N over P in foliage and litter. When 

C is not included in the calculations, and ratios are taken with respect to N, all terrestrial plant 

foliage has similar optimal foliar ratios due to similar physiological needs (Binkley, 1986; 

Knecht and Göransson, 2004). 

As with nutrient concentrations and content, foliage is the tissue type most studied for 

trends in nutrient ratios (though fine roots and litter have also received some study). This is 

because, like nutrient concentrations, foliar nutrient ratios have been shown to correlate to 

measures of primary productivity as well as nutrient status of a stand. Certain critical 

concentrations, particularly sulfur, are derived from optimal foliar nutrient ratios as opposed to 

from empirical fertilization studies (Garrison et al., 2000; Moore et al., 2004; Turner et al., 1979, 

1977).  

The N:S ratio is relatively constant across many herbaceous crop species (Dijkshoorn and 

van Wijk, 1967). This is because most of the S in plant foliage is used in proteins as the amino 

acids cysteine and methionine. When foliage has sufficient S to form the protein needed, excess 

is stored in inorganic form as sulfate. If foliar levels are inadequate, little will be stored as 

sulfate, and the N:S ratio will higher. Sufficient N:S for conifer species varies somewhat, but 

reported values for Douglas-fir, radiata pine, and lodgepole pine are around 14.7, and any 

individuals with foliar ratios below this number are considered S sufficient (Blake et al., 1990; 

Brockley, 2001a; Turner et al., 1979, 1977). This ratio is in agreement with many studies of 

legumes and gramineous plants (Dijkshoorn and van Wijk, 1967). This value is generally used to 

calculate sufficiency levels for most conifers, though it should be noted that some conifer 

species, such as radiata pine and Norway spruce, are sufficient at higher ratios (Kelly and 

Lambert, 1972; Linder, 1995).  

Optimum nutrient requirements have been studied for a number of species using 

controlled seedling experiments by Swedish scientists in the 1950s through the 1980s. In these 

experiments, seedings were grown in a controlled environment and supplied with nutrients in 

certain ratios. The growth and foliar nutrition were measured so that optimal foliar 

concentrations could be derived (Ingestad, 1979, 1962; van den Dreissche, 1974). While these 

ratios vary between plant families and species, generalized optimal and critical ratios for conifer 

macronutrients (expressed as a fraction on N) have been calculated and are presented in Table 
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4.1. Similar to critical concentrations, plants whose foliar nutrition drops below these ratios will 

have their growth limited by the non-nitrogen nutrient (assuming that N foliar levels are 

sufficient). Generalized optimal micronutrient ratios are: Fe/N = 0.7% Mn/N = 0.4% B/N 0.2% 

Cu/N 0.03% Zn/N 0.03% Na/N 0.003%, though it should be noted that these are expressed as a 

percentage and have been scaled by 100 (Ingestad, 1979).(Garrison and Moore, 1998) 

Table 4.1. Critical and optimal macronutrient ratios for conifers (Ingestad, 1979; van den Dreissche, 1974). Table 

adapted from Garrison and Moore (1998). All ratios are expressed as a percentage. 

Ratio Critical Optimal 

K/N 50% 65% 

P/N 8% 15% 

Ca/N 5% 10% 

Mg/N 5% 10% 

  

4.2.2 Management Effects on Nutrient Ratios 

Management effect on foliar nutrient ratios are generally studied with respect to fertilizer 

application. Fertilizer application of N tends to enrich foliar N concentrations, increasing 

N:nutrient ratios. In certain circumstances, this can cause other nutrients to become limiting, 

notably S. Guidelines for N fertilizer application indicate that stands with foliar N:S ratios of 12-

13 or greater will not respond well to application, as N enrichment in the leaves will elevate the 

ratio above the 14.7 threshold causing a weak fertilizer response (Brockley, 2001b, 2001a). 

4.2.3 Nutrient Use Efficiency 

There are many ways to define NUE. Generally it refers to the ratio of annual NPP to 

annual nutrient uptake (Binkley et al., 2004; Chapin, 1980). A very influential paper in the field 

of production ecology has defined it as the mass of litterfall divided by the mass of nutrients lost 

in litterfall (Vitousek, 1982). In theory, this makes sense because nutrients lost in litter must be 

replaced via uptake and assuming that litterfall is well correlated with ANPP. The definition used 

by Vitousek (1982) has received much attention, though it is flawed. One problem is that there is 

autocorrelation between the two parts of the ratio, (Bridgham et al., 2016; Knops et al., 1997). 

Additionally, it assumes that litterfall mass is a good proxy for ANPP, when in reality, as 

production increases, litterfall represents a smaller and smaller fraction of ANPP (Binkley et al., 

2004). 
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In this study, since no data for NPP or annual uptake are available, we will investigate a 

proxy for NUE that, while potentially less interesting to production ecologists, will be of interest 

to managers interested in optimizing timber yield or carbon storage in plant matter while 

minimizing site nutrient use. We will calculate this efficiency by taking the ratio between either 

all plant derived C (or the amount of carbon stored in crop tree stems) and the total plant derived 

mass of other nutrients. Total plant derived carbon is not an exact measurement of stand 

productivity. Total plant derived nutrients are also not an exact measurement of annual plant 

uptake or even total plant uptake, as plants lose nutrients to above and belowground litter, 

canopy throughfall, and stemflow. However, if we assume that nutrients lost to litterfall are 

either made available again to plants or remain in the litter layer, then this measure does 

approximate the amount of nutrients removed from soil pools over the life of the stand. While it 

may not be a traditional measurement of NUE, we think these ratios are useful to judge the 

amount of nutrients required by a system to produce a given amount of biomass. 

When the idea of NUE originated, it was theorized that plants growing on nutrient poor 

sites would be more efficient with their nutrients or that plants adapted to low nutrient 

environments would have higher NUE. Research since then has not proven neither of these to be 

true. Plants adapted to infertile environments, when grown alongside plants adapted to more 

fertile environments tend to grow slower and have higher tissue nutrient concentrations, 

indicating lower NUE (Chapin, 1980). A meta-analysis of studies of the same species growing 

across a gradient of  site fertility show that moderate fertility sites and high fertility sites have 

higher NUE (if there is any trend at all) (Knops et al., 1997).  

Some studies have been conducted on the NUE of mixed species stands. A comparison of 

adjacent Douglas-fir and Douglas-fir/red alder stands showed that the mixed species stands had 

lower NUE for all nutrients measured, largely since the red alder trees were less efficient 

(Binkley et al., 1992). A meta-analysis comparing planted monocultures and planted mixed 

species plantations found that NUE increased in 65% of the cases, but that NUE decreased more 

than 10% in more than 40% of the studies (Richards et al., 2010). Since these mixed species 

stands were planned and mixtures were intentionally chosen, we can assume that spurious 

mixtures such as those caused by lack of vegetation management practices will be more likely to 

decrease NUE. 
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4.2.4 Vector Analysis 

Vector analysis was pioneered in the 1960s but later gained traction in the 1990s largely 

due to work done by V. R. Timmer who applied the technique to many different situations 

(Haase and Rose, 1995). The analysis involves comparison of two or more stands (typically 

before and after some treatment or suite of treatments) and is accomplished by the construction 

and interpretation of a vector diagram (Haase and Rose, 1995). It has been used to diagnose 

nutrient deficiencies in fertilizer studies (Timmer and Stone, 1978), test effects of drought stress 

on seedlings (Timmer and Miller, 1991), determine shifts in C and N partitioning to shoots and 

roots (Timmer and Miller 1991), and investigate silvicultural effects on non-nutrient compounds 

like foliar terpene levels (Clancy et al. 1993). 

This vector diagram plots the nutrient concentration vs. nutrient content of dried plant 

tissue of the various treatments. It may be the concentration and content of all foliage, a set 

number of needles, the entire stem, roots, or some combination (Haase and Rose, 1995). The 

choice depends on what the researcher expects to be a predictor of future growth. For conifer 

species with determinant growth, weight of a set number of needles is appropriate (Haase and 

Rose, 1995; Timmer and Stone, 1978). For the purpose of this paper, we will use total foliage 

mass as the amount of foliage has been proven to relate to stand productivity (Gholz, 1982; 

Waring, 1983). This data is typically normalized to some control or reference condition, by 

dividing the concentration and content of all the nutrients of each treatment by that of the 

reference stand and multiplying by 100. This allows the researcher to easily plot multiple 

nutrients on the same scale even if their contents and concentrations are very different. Also 

typically plotted, are several lines through the origin representing relative dry weight. Relative 

dry weight of 100% will be a line passing from the origin with a slope of 1, that will intersect the 

reference point plotted at (100,100) and relative dry weight of 80% and 120% will be a similar 

line though the origin but with a slopes of 0.8 and 1.2, respectively. It should be noted that when 

multiple nutrients are plotted for each treatment, they will all fall along a single line through the 

origin, as content and concentration are always related by the same ratio, which is the dry mass 

of the tissue. 

An example diagram shows the six possible scenarios of a vector diagram, Figure 4.1. 

Scenario A involves an increase in nutrient content and dry weight, but a decrease in nutrient 
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content. This scenario is referred to as a dilution, where the extra growth in this scenario was not 

compensated by a similar increase in nutrient content, and indicates that the nutrient was not 

likely limiting growth. Scenario B is similar to Scenario A but the relative nutrient concentration 

remained the same, indicating the supply is likely sufficient and the nutrient was not likely 

limiting. Scenario C indicates that the nutrient content and concentration both increased as well 

as the dry mass. This indicates that growth was improved when the concentration of the given 

nutrient was increased, suggesting that it may have been limiting growth in the reference 

condition. Scenario D involves an increase in content and concentration that did not result in an 

increase in tissue mass. This indicates luxury consumption that was above sufficiency levels but 

does not indicate any sort of toxicity. Scenario E indicates that there was an increase in 

concentration and a decrease in relative dry weight which suggests that the nutrient may be taken 

up at toxic levels (in the absence of some other growth constraint). Scenario F indicates some 

antagonistic effect that reduced the ability of the plant to uptake that particular nutrient (Timmer 

and Stone, 1978). Generally, the longest vector (largest shift from the control) represents the 

most responsive nutrient (Haase and Rose, 1995). 
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Figure 4.1. Example vector analysis diagram plotting the standardized reference point and 6 possible outcomes of 

various silvicultural treatments labeled A-F. Adapted from Haas and Rose (1995) and Timmer and Stone (1978). 

 

4.3 Questions and Hypotheses 

The objective of this study was to determine long term effects of VM treatment on foliar 

and total plant derived nutrient ratios, NUE, as well as foliar nutrient content and concentration 

on four conifer species growing in two sites in Central Oregon. We will do this by constructing 

nutrient ratios and determining NUE from plant derived nutrient masses as well as by 

constructing vector diagrams showing how foliar nutrients responded to VM treatment on each 

species and site. 

We hypothesize that at age 18 there will be few differences in nutrient ratios of total crop 

tree tissues and total plant tissues between treated and untreated plots within each species, but 

that there will be significant differences between species and sites driven by different nutrient 
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availabilities between sites and nutrient requirements of each plant. We also hypothesize that 

VM treatment (sustained vegetation control during first five years after planting) will increase 

the NUE of the ecosystem, both in terms of producing plant derived carbon and in terms of 

producing crop tree stemwood. Lastly, we hypothesize that shifts on a vector diagram will share 

some similarities within a site or certain species, but that each species and each site will respond 

uniquely to the treatment.  

4.4 Methods 

4.4.1 Description of Sites  

The Coastal Range (CR) site is located at 44.62°N, 123.57°W near Summit, OR 

approximately 40 km from the coast. The site was planted in year 2000 and experiences a mean 

annual temperature of 11.1℃ and average annual rainfall of 1,707 mm. The soil at this site is 

fine and loamy (Flamenco et al. 2019). The CR site was planted with Douglas-fir (DF) and 

western hemlock (WH) (four replicates each), and grand fir (GF) and western redcedar (WRC) 

(three replicates each). Soils at the CR site are part of the Preacher-Bohannon complex which is 

derived from siltstone and sandstone (USGS). This soil complex is classified as an Andic 

Dystrudept, meaning that while it is not an Andosol, it has high aluminum and iron activity (Soil 

Survey Staff 2015). This site sits near the western edge of the Tyee formation, a sedimentary 

rock formation that composed largely of marine micaceous sandstone and siltstone.  

The Cascade Foothills (CF) site is located at 44.48°N, 122.73°W near Sweet Home, OR 

and was planted in year 2001 with DF and WRC (four replicates each). The site has a mean 

annual temperature of 12.4℃ and an average annual rainfall of 1,179 mm. The soil at this site is 

a silty clay loam (Flamenco et al. 2019). Soils at the CF site are from the Bellpine series which is 

derived from sedimentary rock (Soil Survey Staff 2015). Soils of this series are classified as 

Xeric Haplohumults, indicating an Ultisol with high organic matter content that experiences 

seasonal drought. These soils are well drained and characterized by a more xeric moisture regime 

from the CR site. The bedrock is a mixture of basalt, sedimentary rocks, and tuff. Similar to the 

CR site, these soils are derived from sedimentary bedrock, however tuff and mafic intrusions will 

lend different chemical characteristics to these soils. Mafic rocks tend to be higher in iron and 

magnesium than sandstone. This site was formerly agricultural land that was not sufficiently 

productive and was purchased by Cascade Timber Company.  
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4.4.2 Study Design  

A randomized complete block design with eight VM treatments was implemented at each 

of the two sites. The eight different VM treatments consisted of spring release applications that 

differed in the number and timing of herbicide treatments applied during the first 5 years after 

planting. Similar to Flamenco et al. (2019), for this study we used only the control (Control; only 

pre-planting vegetation control) and the 5 consecutive years of spring release vegetation 

management treatment (VM). Plots were approximately 0.06 ha and were planted in 8 rows of 8 

trees at a 3 x 3 m spacing, resulting in a planting density of 1100 trees per ha. All plots were 

planted with a single tree species. All DF plots received pre-commercial thinning at year 12 and 

thinning residues were left on site. 

The ecosystem was divided into soil pools and plant derived pools. The plant derived 

pools were broken down into overstory (planted crop trees), midstory (hardwoods and natural 

conifer regeneration), understory (shrubs, grasses, forbs, ferns and moss) and forest floor 

(including coarse woody debris). The overstory was divided into foliage, live branches, 

stemwood, stembark, and fine roots. The midstory was broken down into foliage and bole 

(stemwood and stembark). The soil was divided into four layers (0-0.2 m, 0.2-0.4 m, 0.4-0.6 m, 

and 0.6-1 m). 

4.4.3 Nutrient Ratios 

Four foliage samples were collected per treatment (note that this does not mean one per 

plot, see Chapter 3 or Flamenco et al. 2019). Nutrient ratios for foliar nutrients were determined 

by dividing the concentration of one foliar nutrient by that of another taken from the same 

foliage sample. Four ratios were calculated for each treatment (one per sample) and then 

averaged across treatments and sites when applicable. 

Nutrient ratios for total crop tree nutrients and total plant derived nutrients were 

calculated from the total nutrient masses of the appropriate pools in each plot. For crop tree 

nutrient ratios, the masses of crop tree foliage, branches, stembark, and stemwood were used. For 

total plant derived nutrient ratios, nutrient masses of all plant derived nutrient pools were used 

(all crop tree tissues, midstory foliage and stemwood, understory, forest floor, and fine roots). 

Ratios between total plant derived carbon and total plant derived nutrients for NUE 
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determination were calculated in a similar manner. Methods for determination of nutrient 

concentration and content can be found in Chapters 2 and 3 respectively. 

4.4.4 Vector Analysis 

Foliar nutrient content (calculated per plot in Chapter 3) was averaged by treatment. 

Foliar nutrient concentrations were taken from Chapter 2 (all concentrations were originally 

averaged per treatment from four foliage samples). Vector diagrams were constructed for each 

species by plotting the normalized foliar nutrient content as a function of the normalized foliar 

concentration for each nutrient. Within each site, concentrations and content for each nutrient of 

the VM plot was normalized to the Control plot so that content and concentration of Control 

were both equal to 100. For DF and WRC, each of the four conditions were normalized to the 

Control for that given site, so that the content and concentration for the Control at the CR and CF 

sites were equal to 100. Regressions for each condition were then plotted so that the relationship 

between concentration and content passed through the origin for each site and treatment. 

4.4.5 Statistical Analysis 

The Statistical Analysis Software version 9.4 (SAS Institute Inc. Cary, NC) was used for 

all statistical analysis. Analysis of variance, including Tukey multiple comparisons tests, was used 

to test the effects of site, species and treatments on all soil and plant derived pools (PROC MIXED, 

SAS Institute Inc. Cary, NC). A generalized linear model was used to determine the relationships 

between nutrient ratios and biomass increment (PROC GLM, SAS Institute Inc. Cary, NC). 

Models began with the full model using ratio, species, site and treatment, and all interactions to 

predict biomass increment. The least significant parameters were removed stepwise until all 

remaining parameters were significant at α=0.05 or until all parameters including ratio were 

removed. SigmaPlot version 14 (Systat Software, Inc. San Jose, CA) was used to create all figures. 

4.5 Results 

4.5.1 Nutrient Ratios 

Foliar nutrient ratios for each species at each site are presented in Table 4.2. Ratios for 

each treatment are not shown as treatment only had an effect on two of the ratios, Ca:Mg and 

K:Ca (Table 4.3). Nutrient ratios were suboptimal for several species and ratios, and a few were 

below critical ratios derived for all conifers (Garrison and Moore, 1998; Ingestad, 1979). Only 

WH and DF at the CF site had P:N ratios at or above the optimal ratio of 0.16. K:N ratios were 
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below the optimal ratio of 0.65 for all species and sites, and DF, WH, and GF at the CR site were 

all below the critical ratio of 0.5. WRC at the CR site was the only species that had a S:N ratio 

above the optimal 14.7. All species at both sites were above the optimal N:Ca ratio of 0.1. DF at 

both sites were below the optimal N:Mg ratio of 0.1. 

Table 4.2. Average foliar nutrient ratios for 18 year old Douglas-fir (DF), western hemlock (WH), western redcedar 

(WRC), and grand fir (GF) stands growing in the Oregon Coast Range (CR) and Cascade Foothills (CF). Values 

presented are not scaled to percentages and are averaged across treatments. Standard errors for each measurement 

are shown in parentheses. 

  CR CF 

Ratio DF WH WRC GF DF WRC 

P:N 0.140 (0.016) 0.247 (0.024) 0.120 (0.011) 0.133 (0.009) 0.164 (0.010) 0.130 (0.009) 

K:N 0.434 (0.044) 0.530 (0.034) 0.350 (0.053) 0.460 (0.041) 0.569 (0.043) 0.519 (0.066) 

N:S 9.386 (0.363) 11.89 (1.95) 16.69 (2.39) 12.58 (1.68) 11.03 (0.24) 11.02 (1.28) 

Ca:N 0.481 (0.072) 0.657 (0.089) 1.183 (0.109) 1.111 (0.119) 0.511 (0.031) 1.736 (0.247) 

Mg:N 0.086 (0.009) 0.111 (0.009) 0.123 (0.012) 0.117 (0.009) 0.074 (0.005) 0.101 (0.008) 

Mn:N 263.1 (49.0) 933.6 (177.6) 163.5 (18.2) 503.1 (62.6) 345.8 (15.3) 244.9 (47.3) 

Cu:N 2.326 (0.201) 3.203 (0.420) 3.398 (0.286) 3.281 (0.267) 2.519 (0.151) 5.116 (0.857) 

Zn:N 8.97 (1.04) 10.75 (0.78) 14.19 (1.44) 22.54 (2.57) 9.83 (1.13) 16.80 (1.41) 

B:N 9.33 (1.11) 21.62 (2.21) 11.52 (1.35) 14.39 (2.09) 18.30 (1.26) 15.75 (1.51) 

Na:N 161.9 (27.9) 125.3 (15.5) 112.1 (18.6) 64.2 (8.1) 67.1 (8.0) 89.0 (21.1) 

Fe:N 36.42 (2.12) 52.35 (12.73) 52.02 (3.94) 66.97 (8.79) 49.28 (5.32) 131.31 (32.41) 

Ca:Mg 5.511 (0.558) 6.241 (0.909) 10.32 (1.13) 10.04 (1.44) 7.055 (0.442) 17.41 (2.44) 

Na:K 384.3 (65.3) 242.8 (32.3) 422.7 (146.2) 144.8 (22.9) 120.2 (12.7) 154.6 (37.7) 

K:Ca 0.968 (0.097) 0.908 (0.125) 0.312 (0.055) 0.444 (0.051) 1.123 (0.079) 0.318 (0.046) 

 

Both site and species had significant effects on several foliar nutrient ratios (Table 4.3). 

WH had the highest P:N (P<0.005) and K:N ratio (not significant) at the CR site (0.247 and 

0.530 respectively) and DF had the highest P:N (P=0.05) and K:N ratio (not significant) at the 

CF site (0.164 and 0.569 respectively). DF had the lowest N:S ratio at the CR site (9.386) and the 

two species at the CF site had comparable ratios, around 11.0. WRC had the higher Ca:N ratio at 

both sites, 1.183 at the CR site and 1.736 at the CF site. WRC also had the highest N:Mg at both 

sites, 0.123 at the CR site and 0.101 at the CR site. Across sites, the CF site generally had higher 

ratios, including K:N, N:Mn, N:B, and Ca:Mg. Several other ratios tended to be higher but the 

differences were not statistically significant. 
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Table 4.3. Results of ANOVA test for foliar nutrient ratios of Douglas-fir, western hemlock, western redcedar and 

grand fir (Spp) stands growing under contrasting treatments of vegetation management (Trt) on sites located in the 

central Coast Range and the Cascade foothills of western Oregon (Site). Significant differences are highlighted in 

bold. 

Ratio Site Spp Trt Site*Spp Site*Trt Spp*Trt Site*Spp*Trt 

P:N 0.191 0.001 0.707 0.600 0.510 0.678 0.208 

K:N 0.024 0.129 0.953 0.715 0.200 0.064 0.420 

Mg:N 0.107 0.126 0.082 0.771 0.046 0.730 0.672 

Ca:N 0.082 <0.001 0.511 0.193 0.687 0.723 0.718 

N:S 0.194 0.177 0.427 0.016 0.226 0.626 0.079 

B:N <0.001 0.002 0.946 0.108 0.467 0.987 0.323 

Mn:N 0.050 <0.001 0.348 0.896 0.915 0.633 0.539 

Fe:N 0.070 0.080 0.684 0.259 0.551 0.494 0.737 

Cu:N 0.175 0.094 0.603 0.313 0.608 0.625 0.662 

Na:N 0.022 0.014 0.437 0.050 0.385 0.396 0.234 

Zn:N 0.203 0.002 0.641 0.601 0.247 0.297 0.249 

Ca:Mg 0.010 0.037 0.042 0.077 0.439 0.420 0.996 

Na:K 0.012 0.197 0.842 0.984 0.868 0.042 0.056 

K:Ca 0.288 <0.001 0.022 0.355 0.350 0.021 0.852 

Nutrient ratios for all plant derived biomass were more variable than foliar nutrient ratios 

(Table 4.4).  Fe:N was the only ratio that was not significantly affected by site, species, treatment 

or any interactions. P:N, Mg:N, and Fe:N were the only ratios that did not vary significantly by 

site. K:N, B:N, and Fe:N were the only ratios that did not vary significantly by species or any 

interaction with species. K:N and Fe:N were the only ratios that did not vary significantly by site 

or any interaction with site.  

Table 4.4. Results of ANOVA test for total plant derived nutrient ratios of Douglas-fir, western hemlock, western 

redcedar and grand fir (Spp) stands growing under contrasting treatments of vegetation management (Trt) on sites 

located in the central Coast Range and the Cascade foothills of western Oregon (Site). Significant differences are 

highlighted in bold. 

Ratio Site Spp Trt Site*Spp Site*Trt Spp*Trt Site*Spp*Trt 

P:N 0.231 <0.001 0.006 0.368 0.718 0.016 0.935 

K:N 0.011 0.327 0.860 0.245 0.665 0.090 0.878 

Mg:N 0.065 0.001 <0.001 0.704 0.803 0.925 0.611 

Ca:N 0.021 <0.001 <0.001 0.449 0.357 <0.001 0.045 

N:S 0.002 0.003 0.131 0.007 0.010 0.384 0.009 

B:N <0.001 0.629 0.024 0.400 0.364 0.086 0.556 

Mn:N <0.001 0.002 0.001 0.192 0.681 0.001 0.295 

Fe:N 0.217 0.570 0.484 0.217 0.216 0.572 0.216 

Cu:N 0.001 <0.001 0.001 0.018 0.100 0.001 0.480 

Na:N <0.001 0.074 0.968 0.002 0.854 0.429 0.029 

Zn:N 0.022 0.001 0.016 0.192 0.789 0.141 0.095 

Includes all crop tree tissues, midstory foliage and stemwood, understory, forest floor, and fine roots. 
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Several nutrient ratios significantly predicted total plant increment and one significantly 

predicted crop tree increment (Figures 4.2 and 4.3). Total plant derived nutrient ratios of P:N, 

Cu:N, and Zn:N had significant positive correlations with total plant derived biomass increment 

(P<0.05). All three of these models were significantly improved by the inclusion of a Ratio x 

Spp interaction, meaning that the slope of this relationship was significantly different between 

species (P<0.05). For two of the ratios, Cu:N and P:N, the slope of the relationship was the same 

for WH and DF (Figures 4.3a and 4.3b). For the Zn:N ratio, the slope for WH was not 

significantly different from the slope of the relationship for GF. Generally, GF had a higher slope 

for the relationship between total plant derived biomass increment and nutrient ratios compared 

to other species for the 18 and 19-year-old stands studied here.  
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Figure 4.2. Relationship between crop tree biomass increment (Mg ha-1 yr-1) and total crop tree derived nutrient 

ratios of Cu:N for 18 and 19-year-old Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and 

grand fir (GF) stands growing under contrasting vegetation management treatments: no post-planting vegetation 

management (C), and 5-years of post-planting vegetation management (VM). Regressions derived from the linear 

model are plotted for each treatment. 
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Figure 4.3. Relationship between total plant derived biomass increment (Mg ha-1 yr-1) and total plant derived 

nutrient ratios of Zn:N (a), Cu:N (b), and P:N (c) for 18-year-old Douglas-fir (DF), western hemlock (WH), western 

redcedar (WRC), and grand fir (GF) stands growing under contrasting vegetation management treatments: no post-

planting vegetation management (C), and 5-years of post-planting vegetation management (VM). Regressions 

derived from the linear model are plotted for each species, if significantly different. 
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Only the Cu:N ratio for crop tree derived nutrients was significantly correlated with crop 

tree growth (Figure 4.2). The parameter for the interaction between the Cu:N ratio and treatment 

was significant, meaning that the relationship between the nutrient ratio and crop tree growth 

was different under different treatments. Specifically, the slope of the relationship was higher for 

VM plots, meaning that they tended to produce more crop tree biomass at the same crop tree 

derived ratio when compared to the Control plots.Nutrient Use Efficiency 

Using the carbon:nutrient ratio from nutrient mass data obtained for the plant derived 

tissues we can explore a proxy of NUE. Overall, VM plots had a lower carbon:nutrient ratio for 

N, K, Mg, S, and Cu (Table 4.5), implying that pure conifer stands, where understory and 

hardwoods were excluded, are able to amass comparably larger amount of carbon per unit nutrient 

stored in biomass. That response varied across species (Spp x Trt interaction) for N, Mg and S. 

 

Table 4.5. Results of ANOVA test for differences between carbon:nutrient ratios of plant derived matter (crop trees, 

midstory, understory, and forest floor) for Douglas-fir, western hemlock, western redcedar and grand fir (Spp) 

growing under contrasting treatments of vegetation management (Trt) on sites located in the central Coast Range 

(CR) and the Cascade foothills (CF) of western Oregon (Site). 

Nutrient Site Spp Trt Site*Spp Site*Trt Spp*Trt Site*Spp*Trt 

C:N 0.123 <0.001 <0.001 0.074 0.057 0.010 0.388 

C:P 0.002 0.002 0.074 0.135 0.072 0.540 0.160 

C:K <0.001 0.038 0.001 0.009 0.121 0.140 0.348 

C:Mg 0.745 <0.001 <0.001 0.209 0.075 0.033 0.324 

C:Ca 0.001 <0.001 0.493 0.136 0.057 0.104 0.015 

C:S 0.098 0.007 <0.001 0.879 0.477 <0.001 0.053 

C:B <0.001 0.033 0.165 0.146 0.009 0.518 0.056 

C:Mn 0.001 0.632 0.141 0.026 0.074 0.601 0.074 

C:Fe 0.024 0.013 0.360 0.035 0.124 0.240 0.060 

C:Cu <0.001 0.017 0.004 0.575 0.880 0.068 0.002 

C:Na 0.020 0.212 0.138 0.001 0.035 0.932 0.033 

C:Zn <0.001 0.001 0.218 0.001 0.016 0.194 0.005 

 

Ratios for C mass to N (C:N), P (C:P) and K (C:K) mass are displayed in Figure 4.4. There 

was a significant reduction in the amount of K per mass of C stored (higher K use efficiency) in 

WH and DF (P=0.008 and P<0.001 respectively). There was a significant reduction in C:P ratio 

for DF at the CF site (P=0.016). Lastly, there a significant reduction in C:N ratio for WH and WRC 

at the CF site (P=0.008 and P=0.027 respectively).  
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Figure 4.4. Plots of carbon:nutrient ratios for macronutrients. Ratios of plant derived carbon mass to plant derived 

nitrogen (C:N, upper panel), phosphorus (C:P, center panel) and potassium mass (C:K, lower panel) for 18 year-old 

Douglas-fir (DF), western hemlock(WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species.  

 

 Ratios for C mass to B (C:B) and Fe (C:Fe) mass are displayed in Figure 4.5. There was a 

significant reduction in the amount of B per mass of B stored (higher B use efficiency) for DF and 

WRC at the CF site (P=0.033 and P=0.045 respectively). There was no significant reduction in the 

amount of Fe used for any species (P>0.1).  
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Figure 4.5. Examples of carbon:nutrient ratios for micronutrients. Ratios of plant derived carbon mass to plant 

derived boron (C:B, upper panel) and Fe  (C:Fe, lower panel) for 18 year-old Douglas-fir (DF), western hemlock 

(WH), western redcedar (WRC), and grand fir (GF) stands growing under contrasting vegetation management 

treatments: no post-planting vegetation management (C), and 5-years of post-planting vegetation management 

(VM). Error bars represent standard error. An * indicates significant differences between the C and VM treatments 

for a given site and species. 

 

4.5.2 Foliar Vector Analysis 

The effects of vegetation management on foliage mass, foliar nutrient content, and foliar 

nutrient concentration of 18-year old DF, WH, GF and WRC stands are presented on vector 

diagrams in Figures 4.6, 4.7, 4.9 and 4.9, respectively. For all species and sites, the foliar 

concentrations and content of VM treatments were normalized to the Control treatment to 100. 
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Douglas-fir micronutrients
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Figure 4.6. Vector diagrams for Douglas-fir foliar concentrations and content of for macronutrients (top) and 

micronutrients (bottom) of 18-year-old stands at the CF site (circles) and CR site (diamonds). Treatments include 

control (filled) and VM (open) indicating five years herbicide application post-planting. 

 

At the CR site, Douglas-fir K, Mg, and Zn were diluted in foliage of VM plots, meaning 

that while foliage mass increased, concentration decreased (so much so in K that overall content 
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also decreased). C, Ca, P, B, and Cu all increased in mass with little change in concentration. N, 

S, Fe, Mn, and Na increased in both concentration and content. At the CF site, Douglas-fir P, K, 

and Zn were diluted in the foliage of VM plots. C, S, B, Mn, and Cu all maintained similar 

concentrations while increasing in content. N, Ca, Mg, Na, and Fe all increased in both 

concentration and content. 

For WH growing at the CR site, P, K, Mg, S, and Zn were diluted in foliage of VM plots, 

meaning that while foliage mass increased, concentration decreased. C, N, and B all increased in 

mass with little change in concentration. Ca, Mn, Fe, Cu, and Na increased in both concentration 

and content (Figure 4.7).  

Western hemlock
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Figure 4.7. Vector diagram for western hemlock foliar nutrient concentrations and content of 19-year old stands at. 

Treatments include control (black) and VM (white) indicating five years herbicide application post-planting. All 

concentrations and content have been normalized to the Control treatment (Control). 

 

For GF growing at the CR site, N, Mg, Ca, S, and Fe were diluted in foliage of VM plots, 

meaning that while foliage mass increased, concentration decreased. C, Mn, Cu, and Zn all 

increased in mass with little change in concentration. P, K, B, and Na increased in both 

concentration and content (Figure 4.8). 
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Figure 4.8. Vector diagram for grand fir foliar nutrient concentrations and content of 19-year old stands at. 

Treatments include control (black) and VM (white) indicating five years herbicide application post-planting. All 

concentrations and content have been normalized to the Control treatment (Control). 

 

For WRC growing at the CR site, P, Mg, S, Fe, Cu, Na, and Zn were diluted in foliage of 

VM plots, meaning that while foliage mass increased, concentration decreased. C, K, B, and Mn 

all increased in mass with little change in concentration. N and Ca increased in both 

concentration and content (Figure 4.9a). At the CF site, N, P, K, S, Mn, and Na of WRC were 

diluted in the foliage of VM plots (so much so in S and Mn that content of these nutrients also 

decreased). C was the only nutrient that similar concentration while increasing in content. Mg, 

Ca, B, Fe, Cu, and Zn all increased in both concentration and content (Figure 4.9b). 
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Western redcedar micronutrients

Normalized Mass

50 100 150 200 250 300 350

N
o

rm
al

iz
ed

 C
o

n
ce

n
tr

at
io

n

60

80

100

120

140

Control
CR VM
CF VM

Fe

Control

Cu

Mn

Zn

Na

B

Na

Cu

Mn

Zn

B

Fe

 

Figure 4.9. Vector diagrams for western redcedar foliar concentrations and content of for macronutrients (top) and 

micronutrients (bottom) of 18 and 19-year old stands at the CF site (circles) and CR site (diamonds). Treatments 

include control (black) and VM 4.1.1.1 (white) indicating five years herbicide application post-planting. CF 

VM and CR VM concentrations and content have been normalized to the Control treatment at their respective site 

(Control). 
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4.6 Discussion 

4.6.1 Nutrient ratios 

Conclusions based on comparisons to critical and optimal ratios should be done 

cautiously. The foliage sampling regime used here is not the same as that used to derive these 

critical and optimal ratios. The samples analyzed were a composite sample of multiple needle 

cohorts as opposed to current year foliage which is typically used to study stand nutritional 

status. On the other hand, our results reflect the overall nutritional status of the whole foliage 

canopy of the planted crop conifer trees. For example, Ca:N ratios were the only ones that were 

consistently 5-10 times the optimal ratio. This is likely because Ca is not retranslocated from 

older foliage as efficiently as other more mobile nutrients like K or N. Conversely, K, which is 

generally stored as an ion in solution and is highly mobile showed the most suboptimal and 

subcritical ratios. This could indicate that the plants are limited by K, or it may indicate that K is 

recycled more efficiently from older needle cohorts than N. S:N ratios are likely to be more 

reliable, as N and S are both mainly stored in proteins and because they were determined using 

the same analytical technique at the laboratory. Even as foliar nutrients are recycled, the N:S 

stoichiometry should remain close. Thus it is safer to claim that the WRC plots at the CR site 

which have a ratio above the critical ratio of 14.7 are potentially limited by sulfur. This is further 

supported by the fact that S was diluted in foliage of WRC in the VM plots (see the Vector 

Analysis section below for more). 

There was a marginally significant Spp x Trt effect for foliar K:N (P=0.064). For DF, 

Control plots had a foliar K:N ratio similar to the critical, but the VM plots were below the 

critical ratio. This is in agreement with Miller et. al (2006), while the authors themselves do not 

comment on nutrient ratios, they report a significant decline in K concentration that is greater 

than the significant decline in N concentration in the herbaceous VM treatment (since the authors 

do not calculate this ratio themselves, it cannot be determined if this difference is significant). 

For WH, Control plots had a foliar K:N similar to the optimal ratio, but the VM plots were 

similar to the critical ratio (difference not significant, P=0.2). On the other hand, VM plots for 

GF had a foliar K:N ratio above the critical ratio but Control plots were below the critical ratio 

(difference significant, P=0.022). While using this critical ratio may not be the perfect test for 
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foliar nutrient status (see above), these trends suggest that the foliar nutrition of different species 

responded very differently to the vegetation control treatment. 

There were several strong trends between total ecosystem increment and total ecosystem 

nutrient ratios. While it is more common to see trends in growth analyzed via foliar 

concentrations and ratios, these trends provide insight into the nutrient requirements for growth 

of the entire ecosystem (it should be noted that the design of this experiment precluded robust 

analysis of growth vs foliar nutrients). Total plant derived P:N, Cu:N and Zn:N ratios were 

strongly correlated with ecosystem biomass increment. While treatment and site did not affect 

this trend, crop tree species did. This shows that overstory species composition exhibits strong 

control over the nutrient requirements of the entire ecosystem. This especially surprising, given 

the fact that treatment (which governed crop tree survival and biomass) was not a significant 

factor. This may be useful information for managers dealing with sites that are known to be 

deficient in in these nutrients (especially P, which is a commonly limiting nutrient). Based on 

this data, GF is able to achieve higher increment while requiring less P relative to N. There was 

also a trend for increased crop tree growth with larger Cu:N ratios. The slope of this relationship 

was greater for VM treated plots, implying that VM treatment increases the efficiency with 

which copper is used to produce crop tree biomass, something that we explored more deeply 

with NUE. 

4.6.2 Nutrient Use Efficiency 

NUE, as used in this analysis, is a measurement of how much carbon was stored in plant 

derived tissues per unit mass of another nutrient stored in plant derived tissues. While this is not 

an exact measurement of nutrient uptake, it accounts for all nutrients taken up over the life of the 

stand, with the exception of nutrients lost via throughfall and leached from litter (above and 

belowground) as it decomposes- both of which should be partially retained on site by soil 

processes. This is why we chose to compare it to ecosystem carbon (not including mineral soil) 

as opposed to increment, as ecosystem carbon is also an aggregate of productivity over the life of 

the stand.  

Different treatments and species produced different masses of carbon, for a given mass of 

nutrients stored in plant derived tissues, meaning that crop tree species composition, as well as 

vegetation management treatment had significant effects on the NUE of the entire ecosystem 



113 

 

(not including mineral soil). Species effects were significant for all nutrients except for Mn and 

Na, showing again that overstory species composition exhibits strong control over the nutrient 

requirements of the ecosystem. Site effects and Site x Spp effects were also common. Generally, 

stands at the CF site had lower NUE than stands at the CR site, especially for WRC. VM treated 

plots were statistically more efficient with the use of N, K, Mg, S, and Cu. This is especially 

important for N which is a common limiting nutrient in the region. This treatment effect is 

especially pronounced if the NUE is calculated using the mass of C stored only in crop tree 

stems, which is an important metric for managers concerned with maximizing timber production 

in a sustainable manner (Appendix Table S.4.1). This is because the differences in crop tree 

stemwood production between treatments are much greater than the difference between total 

ecosystem carbon.  

The largest single pool of carbon for all species and treatments is the stemwood of crop 

tree species. VM plots tend to have more stemwood biomass than C plots. Since stemwood has a 

relatively low concentration of nutrients compared to all other tissue types, it follows that plots 

with more stem biomass have a lower ratio of C to other nutrients. The measurements in this study 

were taken at year 18, roughly one third to one half the length of the standard DF rotation. We 

suspect that over time, VM plots will continue to develop stemwood biomass at a faster rate than 

C plots, which will accentuate these differences in nutrient use efficiency. 

4.6.3 Vector Analysis 

Since the VM treatment always increased foliage biomass and crop tree productivity, all 

of the shifts on the vector diagram can be categorized as either dilution, sufficiency, or potential 

deficiency (Haase and Rose, 1995). Generally, nutrients that decreased in concentration are said 

to be diluted, those that stayed approximately the same are sufficient, and those that increased 

were potentially deficient in the reference condition (in this case the Control treatment). Crop 

trees in the VM treatment are subject to less interspecific competition, and are allowed to utilize 

a greater proportion of site nutrients. Any nutrient that increases in foliar concentration as growth 

is improved may have been limiting growth in the Control (though other factors e.g. summer 

moisture or light competition may also have influenced growth differences). Conversely, any 

nutrient that decreases in concentration (dilution) may means that the trees were not able to 

uptake enough nutrients to maintain the same foliar concentration. This can mean that either 
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consumption in the Control trees was greater than required, or that crop trees in the VM plots are 

becoming unable to meet their physiological requirements.  

For all species and sites, C concentration was unchanged by treatment. At the CF site, P 

and K were diluted for both DF and WRC. Both of these nutrients are commonly limiting, and it 

may suggest that at these sites, increased crop tree growth is not able to maintain appropriate 

uptake of these nutrients. At the CR site, Mg was diluted for all species, and S and Zn were 

diluted for 3 out of 4 species. For DF and WH, K was one of the most diluted nutrients, so much 

so that in the DF stands, K content was decreased even as total foliage biomass increased. 

Conversely, at the same site, GF saw the opposite trend, where K was the most enriched foliar 

nutrient in VM stands, implying that K may have been growth limiting in the Control (see 

Nutrient Ratios section for more).  

At the CF site, both species showed increases in concentration and content in the VM 

treatment for Ca, Mg, and Fe. This indicates that at this site, competition between crop trees and 

understory species may be highest for these nutrients. Among these three nutrients, Mg was the 

only nutrient with lower total soil concentrations at this site compared to the CR site. While 

higher total soil magnesium generally indicated higher exchangeable magnesium, total 

concentrations are not always good indicators of nutrient availability to plants (Haby et al., 1990; 

Metson, 1974). At the CR site, VM plots had higher foliar concentrations of Na for three species 

(DF, WH, and GF) and higher concentrations of N for two species (DF and WRC). Since Na is 

generally used as a counter ion and is not generally considered an essential plant nutrient, it is 

not likely that this was a limiting nutrient in Control plots. It is difficult to draw general trends 

for species at the CR site, indicating that the foliar nutrition of each species responded in a 

unique manner at this site. DF had a more consistent foliar nutrient response between sites when 

compared to WRC. At both sites, foliar concentrations of K and Zn were lower in VM plots, 

while foliar concentrations of N, Fe, and Na were all higher in VM plots, and concentrations of 

C, B, and Cu all remained relatively unchanged. Thus, DF foliar nutrients responded fairly 

similarly across sites, while the only similarities for WRC were an increase in Ca and a decrease 

in Fe in VM plots. This is likely due to the fact the WRC Control plots experienced very 

different conditions at the two sites, with the CR site developing a much more robust midstory, 
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whereas DF had a much smaller volume response to VM and did not tend to develop a midstory 

in Control plots (Flamenco et al., 2019). 

4.7 Management Implications 

Vegetation management treatments generally increased the amount of carbon stored in 

plant derived tissues as well as the carbon stored in crop tree stems per unit of nutrient in plant 

derived tissues. Controlling competing vegetation with herbicide may improve the nutrient use 

efficiency of forests that are managed for aboveground carbon sequestration as well as timber 

yield.  

The species of the dominant overstory tree had a significant effect on the nutrient 

requirements of the stand as seen through foliar nutrient ratios, ratios of total plant derived 

nutrients, and relationships between these ratios and biomass production. While more research is 

needed, this may indicate that GF is able to obtain larger increments for a given ratio of P:N in 

plant derived tissue, indicating that it may be a more efficient species at sites in the Oregon coast 

Range that are known or suspected to be limited by P. 

Crop tree foliar responses to VM treatment varied by site and by species, suggesting that 

each species responds in a unique way at each site to competing vegetation control even 18 to 19 

years after planting. 
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5. Conclusions 

5.1. Summary of Findings 

In Chapter 2, we found that effects of vegetation management (VM) on tissue nutrient 

concentrations at age 18 varied by site, species, nutrient, and tissue. Bark and forest floor were 

the two tissue types that were most sensitive to VM treatment. Differences in forest floor nutrient 

concentrations are likely driven by the changes in plant species composition between VM and 

Control plots, with midstory and understory species contributing chemically distinct litter in 

many Control plots. Differences in bark concentrations may indicate differences in nutrient 

retranslocation over the lives of the different stands. Few treatment effects on soil were 

discovered and varied by species, site, and depth. When differences were detectable, soil 

concentrations of nitrogen (N), calcium (Ca), and magnesium (Mg) were higher in VM plots. 

The one exception was that soil N concentrations for WRC at the CR site were significantly 

lower for 0.2-0.4 m and 0.4-0.6 m depth increments in VM plots. Generally, tissue 

concentrations were most affected by species and soil concentrations were most affected by site.  

In Chapter 3, we proved our hypothesis that Control plots would hold more plant derived 

nutrient content to be false. Ca was the only nutrient for which plant derived nutrient content 

varied only by treatment and not by site or species. For all other nutrients, treatment effects on 

plant derived nutrient content varied by site and species. Western redcedar (WRC) plots at the 

Coast Range (CR) site was the only site and species for which this trend was true for almost all 

nutrients, due to the large amount of midstory biomass in Control plots and comparatively small 

crop tree biomass in VM plots. If WRC CR plot were to be excluded from analysis, carbon (C), 

copper (Cu), phosphorous (P), and boron (B), all tended to show higher plant derived nutrient 

content in VM plots. Of all tissue types, nutrient content of crop tree branches, bark, foliage, and 

stemwood had generally greater nutrient content in VM plots as the biomass of all these tissues 

was significantly greater for all species. As soil nutrient content tended to be orders of magnitude 

higher than plant derived content (with the exception of C and N), there were few treatment and 

species differences in soil content. Total soil N of WRC at the CR site, however was 

significantly lower for VM plots. This may indicate the potential for VM applied to a slow 

growing species, such as WRC, to reduce ecosystem retention of N. As N is a common limiting 
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nutrient in these forests, this has the potential to reduce growth of current and future stands 

(Mainwaring et al., 2014). 

      Mg soil content displayed a marginally significant treatment effect, while Mg and sodium 

(Na) displayed differences between species. 

In Chapter 4, we saw that foliar nutrient ratios did not have a strong response to treatment. 

Instead, each species foliar nutrition responded differently to VM, though there were similarities 

among sites. Species at the Cascade mountain foothills (CF) site tended to have diluted 

concentrations of P and potassium (K) and increases in Ca, Mg, and iron (Fe) in the VM 

treatment. Species at the CR site, all showed dilutions of Mg and increases in Na. Total plant 

biomass increment was well correlated with total plant Cu:N, Zn:N, and P:N, such that the slope 

of that relationship varied by species. Total crop tree biomass increment trended with crop tree 

Cu:N such that the slope varied by treatment. VM increased nutrient use efficiency (NUE), 

increasing the amount of total plant derived carbon produced per unit of nutrient fixed in plant 

tissue for N, P, Mg, sulfur (S), and Cu. When NUE was calculated in terms of crop bole carbon 

produced per unit nutrient fixed in plant tissue, VM increased NUE of all nutrients.  

5.2. Management Implications 

Sustained VM resulted in few differences in tissue nutrient concentrations, with bark and 

forest floor being the most notable exceptions. While VM tended to increase the biomass and 

nutrient content of crop tree tissues, when all plant derived tissues are considered as a whole, the 

differences in plant derived nutrient mass between VM and Control plots become much less 

pronounced, and in some cases, Control plots even have higher nutrient masses such as for WRC 

at the CR site. Nevertheless, nutrient mass in WRC Control plots was similar or lower than in 

VM plots of the other species tested at each site. 

Most differences in soil nutrient content (with the exception of C) indicated higher 

concentrations under the VM treatment. Total soil nutrient reserves are 10 to 1000 times greater 

than the amount stored in plant tissue (excluding C, which is not taken up via plant roots). This 

study does not indicate the potential for total soil nutrient reserves to be depleted by even 

sustained vegetation management treatment. WRC at the CR site, showed reduced total soil N 

mass under VM, indicating the potential for sustained vegetation control to reduce ecosystem N 

retention when this treatment is applied to a slow growing species, such as WRC.  However, this 
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study did not attempt to quantify fluxes between various available and unavailable soil nutrient 

pools, and as such there may be treatment differences in nutrient availability that cannot be 

observed from this data. 

VM plots, however, did tend to produce more harvestable and plant-derived carbon per unit 

nutrient fixed in plant tissues. This means that VM treatments may improve the efficiency of 

nutrient use for stands that are being managed for carbon sequestration as well as for timber 

harvest.  

The dominant overstory species has a significant effect on the nutrient requirements of the 

whole stand. While more research is needed, grand fir may be able to obtain higher increment for 

a given P:N ratio which could be important for sites in the Oregon Coast Range limited by P.  

5.3. Future Directions 

The Vegetation Management Cooperative (VMRC) which oversaw this and related projects, 

has collected litterfall data for several years. This could be used to calculate net primary 

productivity which may have interesting relationships with nutrient content, concentrations, or 

ratios. Additionally, the litterfall collection would allow for chemical characterization of litter 

which would facilitate a different manner of NUE calculations (Vitousek, 1982). It would also 

allow investigation into how crop trees and midstory species are recycling their nutrients. 

A reassessment of this study is planned for 15-20 years in the future which will allow a better 

understanding of how these trends of nutrient use continue through rotation age. It will also 

allow more accurate estimates of how harvest removals will differ between species and 

treatments. 
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6. Appendix 

 

Appendix Table S.5.1. 

Average concentrations in 

mg kg-1 (ppm) and 

standard errors (SE) of the 

micronutrients boron, 

copper, iron, sodium, and 

zinc for the understory and 

the foliage and wood of the 

midstory species: bigleaf 

maple (ACMA), red alder 

(ALRU), Oregon bitter 

cherry (PREM), and 

cascara buckthorn 

(RHPU). Understory 

average was taken across 

sites, species, and 

treatments. 

Appendix Table 

S.5.2. Average 

concentrations in 

percent and 

standard errors (SE) 

of the 

macronutrients 

carbon, nitrogen, 

phosphorous, 

potassium, 

magnesium, 

calcium, and sulfur 

for the understory 

and the foliage and 

wood of the 

midstory species: 

the midstory 

species: bigleaf 

maple (ACMA), red 

alder (ALRU), 

Oregon bitter cherry 

(PREM), and 

cascara buckthorn 

(RHPU). 

Understory average 

was taken across 

sites, species, and 

treatments. 
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Appendix Table S.5.3. P-values of Pearson correlation coefficients for correlation between nutrient concentrations 

(P, K, Mg, Ca, B, Cu, Fe, Mn, and Na) for each plant derived nutrient pool and average soil concentrations 

(averaged across all depths). Data for 18 year- old Douglas-fir (DF) and western redcedar (WRC) stands growing 

under contrasting treatments of vegetation management on sites located in the central Coast Range and the Cascade 

foothills of western Oregon. P values only shown for tissues and nutrients for which there was a significant 

difference in concentration between sites (see Appendix Table S.2.4) 

Species Tissue P K Mg Ca B Cu Fe Mn Na 

DF Foliage   0.053 1   <0.001  0.439  0.001 

 Branch         0.005 

 Bark   0.003    0.117  0.027 

 Wood      0.114 0.008 0.084  

 Root  <0.001 0.001 <0.001 0.001  0.002 0.001 0.010 

 Understory 0.086   0.001 0.013     

  Forest floor    0.038 1   0.001 0.014 0.059     0.003 

WRC Foliage   0.035       

 Branch       <0.001 1    

 Bark  0.913   0.003 1     <0.001 

 Wood          

 Root  0.016 0.090 0.142  0.043 0.002 0.001  

 Understory    0.002 0.001   <0.001  
  Forest floor     0.109           <0.001 
1- indicates negative Pearson correlation coefficient 
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Appendix Table S.5.4. Concentration (ppm) of Boron (B) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue ppm SE ppm SE ppm SE ppm SE Trt Site Site x Trt 

DF Foliage 10.914 1.928 11.617 1.182 23.098 2.606 22.505 2.851 0.973 0.001 0.797 

  Branches 9.899 1.824 9.690 0.544 10.693 1.194 10.852 1.933 0.905 0.548 0.818 

  Bark 7.504 0.051 7.478 0.452 8.185 0.686 7.349 0.306 0.313 0.484 0.266 

  Wood 1.720 0.138 1.663 0.123 2.522 0.691 1.963 0.186 0.421 0.162 0.511 

  Understory 19.118 3.226 15.199 2.463 41.661 7.804 38.091 5.529 0.225 0.006 0.952 

  Forest Floor 11.987 0.442 13.105 0.414 18.414 1.437 16.372 1.223 0.622 0.001 0.118 

  Fine Roots 11.357 0.764 12.492 1.348 17.234 0.570 15.491 1.350 0.764 0.002 0.180 

  Soil 0.0-0.2 m 30.999 1.536 33.548 2.026 68.333 5.279 61.978 3.670 0.575 <0.001 0.225 

  Soil 0.2-0.4 m 36.972 1.128 39.072 2.617 77.365 7.351 80.975 1.696 0.486 <0.001 0.852 

  Soil 0.4-0.6 m 39.868 1.565 38.512 4.634 80.367 6.925 78.389 2.853 0.716 <0.001 0.946 

  Soil 0.6-1.0 m 34.418 3.029 34.865 2.701 89.667 19.769 91.309 7.435 0.924 <0.001 0.957 

WH Foliage 22.988 4.664 21.522 1.819 - - - - 0.772 - - 

 Branches 10.329 0.586 9.935 1.140 - - - - 0.692 - - 

  Bark 11.573 2.012 8.721 0.309 - - - - 0.211 - - 

  Wood 2.751 0.220 2.011 0.018 - - - - 0.015 - - 

  Understory 22.641 4.799 16.540 1.894 - - - - 0.282 - - 

  Forest Floor 11.909 0.272 14.681 1.300 - - - - 0.082 - - 

  Fine Roots 12.136 1.263 8.738 0.491 - - - - 0.046 - - 

  Soil 0.0-0.2 m 33.444 1.547 34.008 1.409 - - - - 0.477 - - 

  Soil 0.2-0.4 m 45.462 4.239 41.488 1.445 - - - - 0.268 - - 

  Soil 0.4-0.6 m 45.086 0.921 45.166 1.820 - - - - 0.970 - - 

  Soil 0.6-1.0 m 44.221 2.651 40.307 2.494 - - - - 0.356 - - 

WRC Foliage 11.887 2.347 11.503 1.030 12.808 0.266 13.362 1.302 0.954 0.355 0.751 

  Branches 8.400 1.472 8.632 0.631 7.585 1.726 8.411 1.771 0.726 0.731 0.844 

  Bark 15.462 2.152 14.338 2.858 12.977 1.406 15.248 1.329 0.783 0.705 0.420 

  Wood 2.711 0.144 2.865 0.414 3.267 0.155 3.033 0.558 0.448 0.184 0.315 

  Understory 15.225 3.043 20.714 4.394 40.545 9.775 50.863 15.728 0.496 0.033 0.833 

  Forest Floor 17.847 0.592 13.231 3.281 14.523 2.772 14.777 3.667 0.492 0.777 0.444 

  Fine Roots 14.134 1.842 12.470 0.928 20.454 2.547 17.277 1.767 0.152 0.071 0.622 

  Soil 0.0-0.2 m 31.926 1.856 33.282 0.995 85.150 5.952 88.319 8.501 0.276 <0.001 0.645 

  Soil 0.2-0.4 m 36.815 1.111 39.018 5.055 88.387 6.714 78.683 5.886 0.413 <0.001 0.215 

  Soil 0.4-0.6 m 44.924 0.001 43.435 1.703 76.366 7.199 80.346 6.826 0.672 <0.001 0.369 

  Soil 0.6-1.0 m 47.372 4.158 40.433 3.883 77.805 2.860 76.729 13.980 0.643 0.014 0.733 

GF Foliage 15.357 1.701 15.948 3.792 - - - - 0.925 - - 

  Branches 11.809 0.953 17.371 4.208 - - - - 0.245 - - 

  Bark 13.149 2.700 10.606 1.376 - - - - 0.282 - - 

  Wood 2.734 0.734 2.941 0.486 - - - - 0.822 - - 

  Understory 26.539 6.626 17.110 3.275 - - - - 0.271 - - 

  Forest Floor 14.308 1.217 12.489 0.834 - - - - 0.285 - - 

  Fine Roots 13.500 2.284 10.290 0.924 - - - - 0.263 - - 

  Soil 0.0-0.2 m 23.793 5.267 29.399 1.208 - - - - 0.358 - - 

  Soil 0.2-0.4 m 28.730 3.508 39.265 3.226 - - - - 0.092 - - 

  Soil 0.4-0.6 m 40.802 10.373 41.393 1.737 - - - - 0.953 - - 

  Soil 0.6-1.0 m 33.694 9.363 40.336 4.585 - - - - 0.442 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.5.5. Concentration (%) of carbon (C) of tree and ecosystem components for 18 year-old Douglas-

fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under contrasting 

treatments of vegetation management on sites located in in the central Coast Range (CR) and Cascade Foothills (CF) 

of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in concentration was 

significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 49.198 0.233 49.260 0.574 50.004 0.042 49.379 0.248 0.439 0.267 0.310 

  Branches 47.316 0.241 47.450 0.110 47.071 0.189 47.099 0.250 0.700 0.172 0.800 

  Bark 48.317 0.743 49.210 1.113 49.738 0.491 49.634 0.401 0.702 0.182 0.595 

  Wood 47.766 0.079 47.566 0.179 47.762 0.258 48.030 0.083 0.827 0.234 0.190 

  Understory 37.224 5.545 31.499 1.869 42.310 1.722 44.338 0.760 0.559 0.013 0.231 

  Forest Floor 31.218 4.077 35.340 2.264 41.640 1.973 41.370 3.060 0.527 0.017 0.472 

  Fine Roots 31.738 2.063 30.568 2.010 23.863 2.821 26.845 1.323 0.676 0.027 0.350 

  Soil 0.0-0.2 m 3.805 0.124 4.197 1.035 4.256 0.457 4.535 0.356 0.584 0.521 0.925 

  Soil 0.2-0.4 m 2.875 0.581 2.432 0.487 2.798 0.529 3.140 0.487 0.849 0.038 0.168 

  Soil 0.4-0.6 m 2.366 0.240 1.094 0.262 0.818 0.143 1.363 0.106 0.102 0.012 0.002 

  Soil 0.6-1.0 m 0.654 0.227 0.818 0.025 0.539 0.123 0.808 0.135 0.166 0.945 0.711 

WH Foliage 49.220 0.534 49.410 0.187 - - - - 0.719 - - 

 Branches 46.683 0.099 46.328 0.183 - - - - 0.060 - - 

  Bark 47.080 1.065 45.183 0.449 - - - - 0.152 - - 

  Wood 47.625 0.414 47.854 0.128 - - - - 0.544 - - 

  Understory 42.050 1.252 42.189 0.761 - - - - 0.928 - - 

  Forest Floor 40.928 1.699 41.005 2.273 - - - - 0.976 - - 

  Fine Roots 32.731 3.508 35.076 0.927 - - - - 0.542 - - 

  Soil 0.0-0.2 m 4.635 0.418 5.285 0.437 - - - - 0.324 - - 

  Soil 0.2-0.4 m 2.747 0.892 2.640 0.223 - - - - 0.906 - - 

  Soil 0.4-0.6 m 1.109 0.217 1.919 0.536 - - - - 0.234 - - 

  Soil 0.6-1.0 m 0.708 0.162 0.609 0.137 - - - - 0.659 - - 

WRC Foliage 48.924 0.466 48.069 0.561 48.894 0.356 48.812 0.230 0.288 0.415 0.378 

  Branches 46.974 0.114 46.686 0.118 46.060 0.239 42.865 3.868 0.353 0.288 0.429 

  Bark 48.347 0.189 48.949 0.628 47.042 0.602 47.145 0.375 0.302 0.015 0.338 

  Wood 48.623 0.036 48.517 0.096 46.974 0.955 46.878 0.805 0.793 0.001 0.592 

  Understory 43.587 0.200 36.950 5.724 41.622 1.832 44.055 0.545 0.437 0.439 0.124 

  Forest Floor 39.320 0.945 38.153 4.024 42.548 4.349 39.148 4.443 0.368 0.434 0.650 

  Fine Roots 34.517 4.095 29.843 1.724 24.278 2.879 23.193 0.729 0.290 0.026 0.490 

  Soil 0.0-0.2 m 5.287 0.884 4.624 0.173 4.750 0.354 4.850 0.690 0.646 0.799 0.535 

  Soil 0.2-0.4 m 3.907 1.130 2.709 0.428 3.155 0.467 2.661 0.568 0.087 0.250 0.419 

  Soil 0.4-0.6 m 2.230 0.438 1.330 0.251 1.676 0.388 0.779 0.116 0.018 0.114 0.998 

  Soil 0.6-1.0 m 0.615 0.168 0.498 0.077 0.739 0.057 0.556 0.083 0.156 0.374 0.745 

GF Foliage 48.729 0.128 48.605 0.226 - - - - 0.650 - - 

  Branches 46.700 0.306 45.994 0.304 - - - - 0.153 - - 

  Bark 46.812 0.550 46.605 0.593 - - - - 0.044 - - 

  Wood 47.285 0.123 47.436 0.156 - - - - 0.374 - - 

  Understory 44.327 0.127 40.323 1.382 - - - - 0.099 - - 

  Forest Floor 34.173 3.389 36.807 1.881 - - - - 0.534 - - 

  Fine Roots 27.791 2.740 26.954 2.708 - - - - 0.839 - - 

  Soil 0.0-0.2 m 6.713 1.420 5.525 0.342 - - - - 0.462 - - 

  Soil 0.2-0.4 m 2.469 0.074 2.613 0.494 - - - - 0.787 - - 

  Soil 0.4-0.6 m 1.548 0.213 1.702 0.494 - - - - 0.790 - - 

  Soil 0.6-1.0 m 0.782 0.265 0.515 0.128 - - - - 0.415 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.6. Concentration (%) of calcium (Ca) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 0.561 0.108 0.573 0.090 0.627 0.046 0.641 0.069 0.878 0.426 0.994 

  Branches 0.352 0.076 0.344 0.073 0.293 0.031 0.285 0.067 0.638 0.532 0.752 

  Bark 0.324 0.040 0.228 0.055 0.355 0.071 0.294 0.042 0.121 0.228 0.717 

  Wood 0.086 0.047 0.036 0.001 0.045 0.006 0.036 0.000 0.232 0.402 0.409 

  Understory 0.649 0.114 0.606 0.055 1.216 0.312 1.037 0.121 0.545 0.016 0.712 

  Forest Floor 0.707 0.065 0.749 0.038 0.987 0.054 0.996 0.061 0.660 0.003 0.774 

  Fine Roots 0.387 0.045 0.320 0.037 0.679 0.059 0.521 0.028 0.024 <0.001 0.322 

  Soil 0.0-0.2 m 0.151 0.034 0.133 0.022 0.371 0.049 0.378 0.034 0.878 <0.001 0.748 

  Soil 0.2-0.4 m 0.108 0.030 0.113 0.048 0.339 0.057 0.376 0.019 0.512 <0.001 0.606 

  Soil 0.4-0.6 m 0.103 0.037 0.062 0.016 0.231 0.047 0.221 0.034 0.369 0.038 0.587 

  Soil 0.6-1.0 m 0.048 0.013 0.041 0.008 0.183 0.054 0.141 0.049 0.336 0.118 0.479 

WH Foliage 0.577 0.120 0.761 0.092 - - - - 0.295 - - 

 Branches 0.252 0.042 0.265 0.022 - - - - 0.790 - - 

  Bark 0.347 0.027 0.439 0.022 - - - - 0.040 - - 

  Wood 0.085 0.014 0.066 0.004 - - - - 0.232 - - 

  Understory 0.803 0.068 0.747 0.056 - - - - 0.565 - - 

  Forest Floor 0.759 0.059 0.749 0.061 - - - - 0.905 - - 

  Fine Roots 0.451 0.023 0.367 0.048 - - - - 0.166 - - 

  Soil 0.0-0.2 m 0.106 0.018 0.116 0.022 - - - - 0.736 - - 

  Soil 0.2-0.4 m 0.080 0.034 0.076 0.011 - - - - 0.927 - - 

  Soil 0.4-0.6 m 0.083 0.032 0.057 0.006 - - - - 0.466 - - 

  Soil 0.6-1.0 m 0.034 0.002 0.040 0.003 - - - - 0.184 - - 

WRC Foliage 1.138 0.158 1.265 0.103 1.446 0.152 1.350 0.142 0.950 0.339 0.609 

  Branches 0.563 0.095 0.666 0.074 0.774 0.121 0.493 0.031 0.337 0.846 0.052 

  Bark 1.230 0.077 1.078 0.047 0.936 0.079 0.790 0.053 0.042 0.001 0.959 

  Wood 0.125 0.003 0.210 0.082 0.124 0.003 0.107 0.006 0.369 0.194 0.251 

  Understory 0.896 0.086 0.785 0.018 1.313 0.139 1.106 0.128 0.206 0.011 0.690 

  Forest Floor 1.084 0.107 1.080 0.130 0.897 0.165 1.411 0.257 0.117 0.796 0.114 

  Fine Roots 0.495 0.093 0.412 0.013 0.683 0.089 0.655 0.086 0.519 0.027 0.753 

  Soil 0.0-0.2 m 0.169 0.063 0.147 0.037 0.418 0.052 0.317 0.023 0.212 0.004 0.398 

  Soil 0.2-0.4 m 0.137 0.009 0.082 0.022 0.342 0.044 0.260 0.044 0.007 0.002 0.414 

  Soil 0.4-0.6 m 0.110 0.022 0.045 0.002 0.270 0.010 0.238 0.023 0.019 <0.001 0.371 

  Soil 0.6-1.0 m 0.055 0.005 0.042 0.006 0.181 0.040 0.250 0.105 0.683 0.031 0.550 

GF Foliage 1.254 0.192 1.156 0.075 - - - - 0.836 - - 

  Branches 0.438 0.074 0.468 0.050 - - - - 0.751 - - 

  Bark 0.869 0.128 0.562 0.021 - - - - 0.055 - - 

  Wood 0.092 0.011 0.082 0.008 - - - - 0.466 - - 

  Understory 0.743 0.175 0.915 0.015 - - - - 0.399 - - 

  Forest Floor 1.408 0.322 1.792 0.120 - - - - 0.350 - - 

  Fine Roots 0.531 0.039 0.404 0.068 - - - - 0.190 - - 

  Soil 0.0-0.2 m 0.187 0.023 0.186 0.017 - - - - 0.961 - - 

  Soil 0.2-0.4 m 0.108 0.017 0.110 0.037 - - - - 0.950 - - 

  Soil 0.4-0.6 m 0.107 0.028 0.063 0.015 - - - - 0.160 - - 

  Soil 0.6-1.0 m 0.082 0.031 0.060 0.015 - - - - 0.302 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.7. Concentration (ppm) of copper (Cu) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue ppm SE ppm SE ppm SE ppm SE Trt Site Site x Trt 

DF Foliage 2.821 0.296 2.760 0.171 3.125 0.199 3.135 0.382 0.977 0.214 0.990 

  Branches 4.097 0.348 3.679 0.157 3.321 0.242 3.380 0.312 0.497 0.119 0.383 

  Bark 3.163 0.219 3.558 0.226 3.728 0.339 3.982 0.049 0.188 0.055 0.767 

  Wood 0.980 0.193 0.668 0.124 1.623 0.451 1.974 0.359 0.965 0.016 0.289 

  Understory 7.299 2.644 5.558 1.081 5.588 0.282 5.629 0.629 0.574 0.587 0.556 

  Forest Floor 2.591 0.368 2.717 0.307 5.497 0.597 3.991 0.268 0.050 0.001 0.027 

  Fine Roots 5.472 0.462 4.780 0.504 6.205 0.272 5.060 0.211 0.015 0.204 0.462 

  Soil 0.0-0.2 m 21.488 1.366 23.100 2.299 34.138 2.300 36.947 1.454 0.239 <0.001 0.739 

  Soil 0.2-0.4 m 23.435 1.899 22.904 1.560 39.889 3.648 44.601 4.543 0.110 <0.001 0.055 

  Soil 0.4-0.6 m 25.346 2.176 25.383 1.879 40.184 4.020 48.353 5.205 0.034 <0.001 0.036 

  Soil 0.6-1.0 m 26.786 1.575 25.605 1.904 32.147 3.515 52.624 2.422 0.001 <0.001 0.001 

WH Foliage 3.219 0.415 3.482 1.004 - - - - 0.817 - - 

 Branches 5.036 0.225 4.516 0.343 - - - - 0.098 - - 

  Bark 4.270 0.464 3.117 0.318 - - - - 0.032 - - 

  Wood 1.374 0.228 1.672 0.102 - - - - 0.181 - - 

  Understory 6.412 0.734 3.327 0.262 - - - - 0.022 - - 

  Forest Floor 4.497 0.644 3.441 0.448 - - - - 0.227 - - 

  Fine Roots 4.689 0.332 4.168 0.265 - - - - 0.164 - - 

  Soil 0.0-0.2 m 23.383 0.642 22.839 2.147 - - - - 0.764 - - 

  Soil 0.2-0.4 m 25.657 1.331 25.124 2.029 - - - - 0.793 - - 

  Soil 0.4-0.6 m 25.295 0.936 28.228 1.313 - - - - 0.143 - - 

  Soil 0.6-1.0 m 25.344 1.860 26.789 1.701 - - - - 0.052 - - 

WRC Foliage 3.766 0.401 3.107 0.207 4.580 0.893 3.672 0.650 0.013 0.036 0.679 

  Branches 3.131 0.400 3.173 0.133 1.984 0.198 1.851 0.119 0.854 <0.001 0.723 

  Bark 3.104 0.111 3.008 0.235 3.487 0.349 3.465 0.585 0.941 0.363 0.873 

  Wood 1.309 0.224 1.121 0.117 1.515 0.303 1.137 0.131 0.207 0.531 0.447 

  Understory 6.137 1.438 4.660 1.062 6.453 0.761 7.421 0.804 0.673 0.179 0.077 

  Forest Floor 5.269 1.067 2.943 0.333 3.767 0.256 3.512 0.991 0.107 0.597 0.181 

  Fine Roots 5.202 0.571 4.553 0.795 8.444 1.194 6.605 0.483 0.181 0.012 0.507 

  Soil 0.0-0.2 m 25.250 0.545 25.630 0.749 37.249 1.868 37.493 1.642 0.754 <0.001 0.946 

  Soil 0.2-0.4 m 28.743 1.705 27.367 0.770 43.444 2.803 42.652 2.547 0.658 <0.001 0.905 

  Soil 0.4-0.6 m 29.174 1.398 29.736 1.692 47.158 3.378 46.073 2.921 0.927 <0.001 0.774 

  Soil 0.6-1.0 m 28.440 0.316 30.504 2.314 47.089 4.222 39.943 7.768 0.643 0.025 0.407 

GF Foliage 3.604 0.251 3.561 0.386 - - - - 0.929 - - 

  Branches 4.350 0.246 8.449 3.691 - - - - 0.224 - - 

  Bark 4.917 0.619 3.371 0.556 - - - - 0.113 - - 

  Wood 1.492 0.196 1.717 0.143 - - - - 0.384 - - 

  Understory 5.797 1.227 5.459 0.006 - - - - 0.797 - - 

  Forest Floor 3.588 0.204 3.166 0.345 - - - - 0.101 - - 

  Fine Roots 5.211 0.727 4.452 0.550 - - - - 0.445 - - 

  Soil 0.0-0.2 m 19.904 2.373 22.552 0.117 - - - - 0.362 - - 

  Soil 0.2-0.4 m 22.744 1.796 25.057 0.925 - - - - 0.361 - - 

  Soil 0.4-0.6 m 25.506 2.670 27.250 0.732 - - - - 0.489 - - 

  Soil 0.6-1.0 m 25.516 3.262 28.778 0.993 - - - - 0.316 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.8. Concentration (ppm) of iron (Fe) of tree and ecosystem components for 18 year-old Douglas-

fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under contrasting 

treatments of vegetation management on sites located the central Coast Range (CR) and Cascade Foothills (CF) of 

western Oregon. SE is the standard error. The P-value shown is in bold if the difference in concentration was 

significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue ppm SE ppm SE ppm SE ppm SE Trt Site Site x Trt 

DF Foliage 40.374 3.729 49.468 4.865 52.809 2.079 68.790 11.367 0.079 0.032 0.608 

  Branches 32.965 6.804 31.799 7.397 19.074 3.130 41.479 21.153 0.386 0.862 0.338 

  Bark 32.919 2.797 33.206 4.116 54.570 10.560 60.521 8.608 0.675 0.006 0.703 

  Wood 15.673 2.541 12.119 0.381 24.705 4.188 25.887 2.668 0.679 0.002 0.414 

  Understory 746.5 321.0 1199.1 241.2 1016.8 787.2 439.7 99.0 0.874 0.865 0.212 

  Forest Floor 1355.6 157.3 1244.1 131.4 1204.0 83.9 1321.1 206.2 0.986 0.809 0.465 

  Fine Roots 1332.1 86.6 1313.1 67.9 1854.4 213.8 1697.1 66.2 0.493 0.003 0.589 

  Soil 0.0-0.2 m 18052.1 932.6 18670.7 534.4 25710.8 545.6 25234.2 492.5 0.915 <0.001 0.417 

  Soil 0.2-0.4 m 19436.1 243.4 19776.3 770.1 26251.6 432.1 26065.6 85.5 0.870 <0.001 0.578 

  Soil 0.4-0.6 m 20095.5 450.7 19477.7 1124.6 26734.7 478.1 26930.5 122.9 0.745 <0.001 0.536 

  Soil 0.6-1.0 m 19961.9 956.5 19936.3 769.4 26681.4 1329.1 27978.8 663.9 0.522 <0.001 0.505 

WH Foliage 42.439 6.768 67.957 29.388 - - - - 0.430 - - 

 Branches 25.985 3.878 33.484 3.966 - - - - 0.225 - - 

  Bark 38.260 12.915 54.005 11.879 - - - - 0.378 - - 

  Wood 26.125 8.471 13.569 0.725 - - - - 0.217 - - 

  Understory 691.6 195.1 1070.4 146.1 - - - - 0.171 - - 

  Forest Floor 836.7 177.8 990.5 282.2 - - - - 0.587 - - 

  Fine Roots 1365.3 250.6 1229.8 90.1 - - - - 0.629 - - 

  Soil 0.0-0.2 m 19842.0 228.0 19509.3 763.8 - - - - 0.636 - - 

  Soil 0.2-0.4 m 21842.0 466.4 20587.4 447.2 - - - - 0.046 - - 

  Soil 0.4-0.6 m 21574.0 433.2 21461.8 233.2 - - - - 0.829 - - 

  Soil 0.6-1.0 m 22407.9 343.9 21729.7 267.0 - - - - 0.170 - - 

WRC Foliage 55.945 2.035 49.319 3.265 108.640 35.892 95.675 33.281 0.483 0.515 0.929 

  Branches 35.320 6.059 49.661 16.892 64.994 32.138 17.001 0.599 0.408 0.893 0.127 

  Bark 41.827 3.792 59.508 21.698 67.886 12.104 56.334 7.116 0.796 0.515 0.300 

  Wood 17.690 4.188 46.565 28.724 18.277 3.498 22.328 1.780 0.283 0.435 0.413 

  Understory 710.9 161.8 1269.6 262.2 1488.4 799.3 436.7 99.0 0.628 0.956 0.134 

  Forest Floor 1009.5 155.7 1275.7 151.4 1076.1 448.1 1178.7 254.7 0.534 0.958 0.779 

  Fine Roots 1045.1 273.2 1207.4 233.3 1827.3 162.1 1923.2 73.5 0.459 0.009 0.843 

  Soil 0.0-0.2 m 18753.6 527.5 19124.6 216.0 25953.2 586.6 26380.8 596.3 0.073 <0.001 0.878 

  Soil 0.2-0.4 m 20710.5 453.7 19802.2 1024.9 26331.3 414.7 26317.4 335.8 0.344 <0.001 0.358 

  Soil 0.4-0.6 m 20918.1 241.2 21072.0 307.6 27076.7 488.9 26862.0 307.4 0.895 <0.001 0.435 

  Soil 0.6-1.0 m 22655.4 1529.0 20397.1 1157.8 27408.0 407.3 26420.7 1493.5 0.212 0.001 0.613 

GF Foliage 75.395 13.104 69.281 10.755 - - - - 0.796 - - 

  Branches 42.971 9.619 33.885 6.139 - - - - 0.456 - - 

  Bark 100.507 48.424 96.906 48.725 - - - - 0.224 - - 

  Wood 12.196 1.599 26.540 4.913 - - - - 0.032 - - 

  Understory 524.4 347.0 1514.9 66.2 - - - - 0.075 - - 

  Forest Floor 1356.7 199.2 1061.1 109.4 - - - - 0.263 - - 

  Fine Roots 1364.9 157.2 1404.0 83.2 - - - - 0.670 - - 

  Soil 0.0-0.2 m 16258.4 2412.4 19208.8 300.2 - - - - 0.292 - - 

  Soil 0.2-0.4 m 16941.2 1953.2 20431.8 386.1 - - - - 0.154 - - 

  Soil 0.4-0.6 m 18975.3 2909.6 20353.0 363.7 - - - - 0.643 - - 

  Soil 0.6-1.0 m 18841.3 3189.8 21688.8 326.8 - - - - 0.451 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.9. Concentration (%) of potassium (K) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 0.580 0.042 0.446 0.026 0.750 0.056 0.654 0.069 0.043 0.003 0.720 

  Branches 0.235 0.061 0.229 0.016 0.266 0.033 0.215 0.052 0.523 0.850 0.611 

  Bark 0.230 0.013 0.283 0.034 0.200 0.012 0.175 0.027 0.576 0.052 0.065 

  Wood - - - - - - - - - - - 

  Understory 1.465 0.652 0.770 0.368 1.702 0.233 1.528 0.412 0.345 0.310 0.565 

  Forest Floor 0.155 0.025 0.117 0.014 0.251 0.024 0.179 0.016 0.014 0.004 0.326 

  Fine Roots 0.208 0.026 0.199 0.044 0.091 0.010 0.075 0.012 0.645 0.001 0.906 

  Soil 0.0-0.2 m 0.166 0.000 0.169 0.021 0.095 0.004 0.087 0.006 0.841 <0.001 0.647 

  Soil 0.2-0.4 m 0.160 0.020 0.145 0.019 0.081 0.009 0.069 0.005 0.345 <0.001 0.900 

  Soil 0.4-0.6 m 0.164 0.019 0.159 0.017 0.059 0.003 0.068 0.006 0.896 <0.001 0.581 

  Soil 0.6-1.0 m 0.173 0.009 0.162 0.019 0.057 0.002 0.064 0.007 0.838 <0.001 0.383 

WH Foliage 0.620 0.062 0.478 0.036 - - - - 0.094 - - 

 Branches 0.157 0.007 0.169 0.043 - - - - 0.791 - - 

  Bark 0.333 0.045 0.232 0.032 - - - - 0.113 - - 

  Wood - - - - - - - - - - - 

  Understory 1.175 0.401 0.840 0.182 - - - - 0.476 - - 

  Forest Floor 0.210 0.048 0.148 0.024 - - - - 0.295 - - 

  Fine Roots 0.174 0.027 0.144 0.030 - - - - 0.037 - - 

  Soil 0.0-0.2 m 0.153 0.015 0.135 0.006 - - - - 0.289 - - 

  Soil 0.2-0.4 m 0.146 0.012 0.138 0.007 - - - - 0.585 - - 

  Soil 0.4-0.6 m 0.135 0.012 0.144 0.009 - - - - 0.579 - - 

  Soil 0.6-1.0 m 0.124 0.012 0.146 0.014 - - - - 0.286 - - 

WRC Foliage 0.339 0.071 0.346 0.031 0.358 0.042 0.482 0.045 0.068 0.243 0.423 

  Branches 0.133 0.027 0.116 0.036 0.191 0.026 0.145 0.023 0.212 0.608 0.488 

  Bark 0.162 0.041 0.140 0.017 0.146 0.020 0.170 0.030 0.995 0.468 0.933 

  Wood - - - - - - - - - - - 

  Understory 1.024 0.488 0.790 0.370 1.147 0.206 1.540 0.171 0.641 0.762 0.112 

  Forest Floor 0.431 0.148 0.160 0.025 0.185 0.070 0.149 0.087 0.122 0.186 0.226 

  Fine Roots 0.177 0.016 0.129 0.010 0.108 0.011 0.078 0.010 0.009 0.001 0.469 

  Soil 0.0-0.2 m 0.176 0.011 0.180 0.022 0.127 0.019 0.094 0.006 0.364 0.002 0.265 

  Soil 0.2-0.4 m 0.171 0.005 0.166 0.013 0.082 0.011 0.086 0.011 0.967 <0.001 0.380 

  Soil 0.4-0.6 m 0.164 0.005 0.172 0.020 0.074 0.013 0.078 0.008 0.602 <0.001 0.872 

  Soil 0.6-1.0 m 0.182 0.036 0.201 0.036 0.079 0.018 0.061 0.010 0.990 0.001 0.371 

GF Foliage 0.433 0.034 0.586 0.072 - - - - 0.064 - - 

  Branches 0.277 0.048 0.469 0.063 - - - - 0.074 - - 

  Bark 0.371 0.071 0.240 0.032 - - - - 0.140 - - 

  Wood - - - - - - - - - - - 

  Understory 1.263 0.254 0.627 0.063 - - - - 0.082 - - 

  Forest Floor 0.153 0.021 0.111 0.017 - - - - 0.068 - - 

  Fine Roots 0.130 0.015 0.142 0.018 - - - - 0.438 - - 

  Soil 0.0-0.2 m 0.178 0.023 0.174 0.014 - - - - 0.892 - - 

  Soil 0.2-0.4 m 0.141 0.009 0.159 0.010 - - - - 0.241 - - 

  Soil 0.4-0.6 m 0.141 0.004 0.166 0.022 - - - - 0.337 - - 

  Soil 0.6-1.0 m 0.157 0.017 0.196 0.037 - - - - 0.396 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.10. Concentration (%) of magnesium (Mg) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 0.108 0.016 0.100 0.008 0.079 0.003 0.103 0.007 0.311 0.184 0.161 

  Branches 0.052 0.015 0.039 0.004 0.032 0.003 0.035 0.003 0.305 0.393 0.168 

  Bark 0.046 0.004 0.038 0.004 0.029 0.003 0.032 0.002 0.502 0.004 0.143 

  Wood 0.011 0.002 0.010 0.001 0.009 0.001 0.007 0.000 0.196 0.144 0.594 

  Understory 0.244 0.046 0.188 0.037 0.289 0.026 0.321 0.031 0.697 0.166 0.180 

  Forest Floor 0.121 0.004 0.102 0.002 0.146 0.005 0.096 0.010 <0.001 0.051 0.016 

  Fine Roots 0.083 0.002 0.070 0.004 0.064 0.003 0.053 0.001 0.001 <0.001 0.819 

  Soil 0.0-0.2 m 0.287 0.009 0.287 0.013 0.146 0.009 0.157 0.015 0.650 <0.001 0.641 

  Soil 0.2-0.4 m 0.296 0.009 0.297 0.007 0.153 0.010 0.172 0.010 0.290 <0.001 0.351 

  Soil 0.4-0.6 m 0.304 0.012 0.303 0.008 0.143 0.011 0.155 0.019 0.505 <0.001 0.454 

  Soil 0.6-1.0 m 0.315 0.013 0.306 0.015 0.142 0.011 0.145 0.026 0.866 <0.001 0.748 

WH Foliage 0.130 0.013 0.097 0.005 - - - - 0.042 - - 

 Branches 0.035 0.003 0.031 0.005 - - - - 0.258 - - 

  Bark 0.050 0.006 0.035 0.000 - - - - 0.048 - - 

  Wood 0.017 0.002 0.013 0.000 - - - - 0.125 - - 

  Understory 0.343 0.076 0.228 0.037 - - - - 0.226 - - 

  Forest Floor 0.168 0.019 0.123 0.018 - - - - 0.129 - - 

  Fine Roots 0.100 0.006 0.088 0.008 - - - - 0.297 - - 

  Soil 0.0-0.2 m 0.257 0.006 0.258 0.006 - - - - 0.816 - - 

  Soil 0.2-0.4 m 0.267 0.007 0.274 0.010 - - - - 0.567 - - 

  Soil 0.4-0.6 m 0.272 0.011 0.278 0.015 - - - - 0.743 - - 

  Soil 0.6-1.0 m 0.235 0.030 0.286 0.012 - - - - 0.161 - - 

WRC Foliage 0.138 0.016 0.108 0.015 0.092 0.009 0.083 0.015 0.149 0.063 0.417 

  Branches 0.037 0.005 0.040 0.004 0.039 0.005 0.026 0.004 0.316 0.230 0.101 

  Bark 0.064 0.006 0.049 0.005 0.049 0.004 0.046 0.004 0.079 0.065 0.223 

  Wood 0.017 0.001 0.021 0.004 0.016 0.001 0.015 0.001 0.532 0.182 0.261 

  Understory 0.242 0.065 0.264 0.092 0.274 0.074 0.329 0.021 0.486 0.614 0.764 

  Forest Floor 0.232 0.033 0.111 0.014 0.098 0.018 0.089 0.030 0.030 0.019 0.054 

  Fine Roots 0.091 0.017 0.095 0.010 0.071 0.007 0.067 0.008 0.997 0.045 0.741 

  Soil 0.0-0.2 m 0.289 0.012 0.306 0.020 0.156 0.011 0.149 0.006 0.666 <0.001 0.344 

  Soil 0.2-0.4 m 0.298 0.003 0.314 0.015 0.160 0.010 0.161 0.012 0.364 <0.001 0.456 

  Soil 0.4-0.6 m 0.295 0.009 0.324 0.016 0.160 0.019 0.168 0.012 0.271 <0.001 0.526 

  Soil 0.6-1.0 m 0.276 0.014 0.329 0.030 0.147 0.027 0.171 0.024 0.162 0.000 0.585 

GF Foliage 0.137 0.019 0.124 0.015 - - - - 0.306 - - 

  Branches 0.042 0.003 0.065 0.019 - - - - 0.273 - - 

  Bark 0.062 0.007 0.048 0.004 - - - - 0.151 - - 

  Wood 0.016 0.002 0.016 0.001 - - - - 0.850 - - 

  Understory 0.326 0.062 0.203 0.027 - - - - 0.143 - - 

  Forest Floor 0.129 0.005 0.116 0.004 - - - - 0.112 - - 

  Fine Roots 0.109 0.005 0.101 0.010 - - - - 0.476 - - 

  Soil 0.0-0.2 m 0.262 0.016 0.306 0.010 - - - - 0.134 - - 

  Soil 0.2-0.4 m 0.290 0.004 0.309 0.003 - - - - 0.057 - - 

  Soil 0.4-0.6 m 0.289 0.018 0.318 0.009 - - - - 0.211 - - 

  Soil 0.6-1.0 m 0.295 0.025 0.321 0.009 - - - - 0.378 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 



132 

 

Appendix Table S.5.11. Concentration (ppm) of manganese (Mn) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue ppm SE ppm SE ppm SE ppm SE Trt Site Site x Trt 

DF Foliage 271.573 61.568 344.996 67.393 432.704 38.328 426.917 27.675 0.539 0.039 0.460 

  Branches 129.633 71.133 106.285 28.216 121.678 7.842 120.083 8.276 0.394 0.483 0.422 

  Bark 98.112 18.562 90.838 22.471 191.671 47.236 138.879 14.168 0.259 0.022 0.337 

  Wood 11.539 1.825 14.203 2.188 33.353 5.435 23.106 4.387 0.335 0.002 0.113 

  Understory 758.15 473.96 472.71 140.72 654.28 75.68 767.36 153.95 0.702 0.979 0.386 

  Forest Floor 392.41 38.08 496.48 47.81 771.35 56.15 892.64 77.42 0.070 <0.001 0.882 

  Fine Roots 178.05 29.82 203.47 19.50 632.16 106.62 516.00 40.72 0.463 <0.001 0.259 

  Soil 0.0-0.2 m 1080.93 150.39 1060.01 196.26 3232.82 184.29 3249.19 473.06 0.994 <0.001 0.948 

  Soil 0.2-0.4 m 870.24 175.56 804.17 165.54 2366.88 384.96 3112.45 699.82 0.426 0.002 0.346 

  Soil 0.4-0.6 m 723.95 155.04 654.69 114.49 811.16 192.02 1887.14 343.45 0.033 0.046 0.020 

  Soil 0.6-1.0 m 225.84 28.98 395.10 97.23 966.85 461.01 1064.67 246.35 0.625 0.021 0.896 

WH Foliage 799.005 168.960 1073.50 242.655 - - - - 0.389 - - 

 Branches 189.007 25.444 247.766 28.186 - - - - 0.152 - - 

  Bark 249.825 28.857 286.523 24.111 - - - - 0.191 - - 

  Wood 51.259 27.149 93.457 7.957 - - - - 0.176 - - 

  Understory 501.8 80.4 463.8 65.7 - - - - 0.727 - - 

  Forest Floor 551.5 69.7 1115.2 217.1 - - - - 0.045 - - 

  Fine Roots 235.7 20.2 209.6 9.7 - - - - 0.230 - - 

  Soil 0.0-0.2 m 1062.1 167.1 1039.2 56.5 - - - - 0.888 - - 

  Soil 0.2-0.4 m 923.2 201.5 940.1 92.1 - - - - 0.942 - - 

  Soil 0.4-0.6 m 828.8 166.2 737.7 147.3 - - - - 0.696 - - 

  Soil 0.6-1.0 m 524.8 135.6 301.8 38.4 - - - - 0.165 - - 

WRC Foliage 160.700 16.861 164.770 22.525 202.880 45.269 180.770 28.585 0.771 0.355 0.673 

  Branches 37.941 5.153 45.612 12.221 54.784 8.177 32.658 1.734 0.425 0.623 0.113 

  Bark 64.099 10.459 56.797 13.899 64.913 21.088 58.199 7.810 0.520 0.772 0.966 

  Wood 11.506 2.547 5.116 1.292 9.005 1.786 7.436 0.699 0.128 0.810 0.297 

  Understory 232.2 27.6 292.0 42.0 685.6 121.6 761.4 168.2 0.369 0.013 0.912 

  Forest Floor 260.4 64.7 258.0 87.9 638.7 300.8 543.7 113.7 0.781 0.201 0.792 

  Fine Roots 196.3 36.9 287.9 54.1 706.6 71.8 782.4 18.1 0.137 <0.001 0.881 

  Soil 0.0-0.2 m 1393.0 206.3 1625.1 256.6 4086.6 682.5 4759.8 421.7 0.175 0.000 0.479 

  Soil 0.2-0.4 m 1616.0 3.2 1409.3 245.8 3546.6 626.0 3806.4 505.7 0.924 0.003 0.416 

  Soil 0.4-0.6 m 1298.1 204.8 1076.1 289.7 2603.5 397.5 1762.5 529.6 0.264 0.085 0.493 

  Soil 0.6-1.0 m 525.4 147.3 554.8 230.6 1166.4 211.4 931.9 181.0 0.620 0.029 0.525 

GF Foliage 554.176 72.747 544.599 117.144 - - - - 0.947 - - 

  Branches 121.206 15.724 151.747 56.146 - - - - 0.619 - - 

  Bark 250.708 81.151 237.247 44.464 - - - - 0.526 - - 

  Wood 38.854 8.016 31.816 8.358 - - - - 0.478 - - 

  Understory 589.4 295.8 380.9 2.3 - - - - 0.520 - - 

  Forest Floor 579.4 28.5 793.8 88.7 - - - - 0.088 - - 

  Fine Roots 258.0 30.5 268.6 21.8 - - - - 0.792 - - 

  Soil 0.0-0.2 m 1085.2 125.9 1802.1 131.4 - - - - 0.017 - - 

  Soil 0.2-0.4 m 1047.6 145.0 1274.9 286.6 - - - - 0.518 - - 

  Soil 0.4-0.6 m 757.2 230.0 1117.8 266.1 - - - - 0.363 - - 

  Soil 0.6-1.0 m 437.8 201.8 449.6 143.2 - - - - 0.964 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.12. Concentration (%) of nitrogen (N) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 1.174 0.044 1.348 0.267 1.232 0.061 1.255 0.028 0.495 0.901 0.598 

  Branches 0.336 0.041 0.313 0.018 0.222 0.019 0.223 0.032 0.708 0.004 0.696 

  Bark 0.338 0.044 0.313 0.042 0.256 0.017 0.270 0.036 0.874 0.109 0.594 

  Wood 0.043 0.005 0.042 0.007 0.134 0.024 0.091 0.025 0.273 0.007 0.273 

  Understory 1.344 0.378 1.034 0.034 1.378 0.134 1.638 0.091 0.902 0.181 0.181 

  Forest Floor 0.938 0.201 1.080 0.074 0.968 0.025 0.958 0.078 0.571 0.719 0.511 

  Fine Roots 0.647 0.027 0.611 0.066 0.580 0.054 0.525 0.017 0.291 0.114 0.824 

  Soil 0.0-0.2 m 0.239 0.007 0.249 0.050 0.263 0.026 0.249 0.022 0.943 0.703 0.709 

  Soil 0.2-0.4 m 0.162 0.023 0.113 0.004 0.179 0.027 0.206 0.026 0.547 0.016 0.061 

  Soil 0.4-0.6 m 0.137 0.022 0.069 0.016 0.084 0.010 0.115 0.008 0.161 0.602 0.004 

  Soil 0.6-1.0 m 0.046 0.003 0.061 0.004 0.048 0.008 0.066 0.009 0.011 0.144 0.791 

WH Foliage 1.065 0.024 1.002 0.059 - - - - 0.237 - - 

 Branches 0.270 0.026 0.252 0.025 - - - - 0.622 - - 

  Bark 0.283 0.049 0.320 0.020 - - - - 0.506 - - 

  Wood 0.076 0.007 0.069 0.005 - - - - 0.412 - - 

  Understory 1.625 0.219 1.319 0.074 - - - - 0.275 - - 

  Forest Floor 1.125 0.027 0.680 0.028 - - - - <0.001 - - 

  Fine Roots 0.538 0.053 0.506 0.014 - - - - 0.592 - - 

  Soil 0.0-0.2 m 0.197 0.015 0.215 0.019 - - - - 0.378 - - 

  Soil 0.2-0.4 m 0.148 0.036 0.156 0.013 - - - - 0.817 - - 

  Soil 0.4-0.6 m 0.084 0.010 0.127 0.030 - - - - 0.224 - - 

  Soil 0.6-1.0 m 0.059 0.006 0.053 0.006 - - - - 0.502 - - 

WRC Foliage 0.982 0.059 1.137 0.218 1.037 0.213 0.757 0.070 0.700 0.327 0.196 

  Branches 0.262 0.046 0.264 0.033 0.223 0.023 0.117 0.015 0.120 0.012 0.111 

  Bark 0.234 0.019 0.221 0.004 0.304 0.021 0.291 0.041 0.618 0.017 0.995 

  Wood 0.114 0.013 0.097 0.020 0.390 0.050 0.350 0.096 0.345 0.006 0.570 

  Understory 1.600 0.367 1.243 0.199 1.181 0.261 1.502 0.081 0.926 0.712 0.115 

  Forest Floor 1.227 0.217 0.690 0.065 0.638 0.077 0.635 0.109 0.054 0.026 0.056 

  Fine Roots 0.589 0.078 0.555 0.065 0.545 0.026 0.530 0.011 0.597 0.466 0.833 

  Soil 0.0-0.2 m 0.299 0.029 0.223 0.019 0.240 0.022 0.244 0.010 0.107 0.359 0.077 

  Soil 0.2-0.4 m 0.196 0.038 0.155 0.014 0.198 0.033 0.162 0.027 0.041 0.362 0.851 

  Soil 0.4-0.6 m 0.140 0.024 0.089 0.016 0.128 0.027 0.078 0.006 0.034 0.580 0.998 

  Soil 0.6-1.0 m 0.063 0.012 0.051 0.001 0.078 0.010 0.053 0.009 0.070 0.284 0.436 

GF Foliage 1.150 0.085 1.072 0.047 - - - - 0.525 - - 

  Branches 0.281 0.045 0.476 0.170 - - - - 0.312 - - 

  Bark 0.408 0.045 0.288 0.047 - - - - 0.116 - - 

  Wood 0.096 0.010 0.086 0.020 - - - - 0.708 - - 

  Understory 1.307 0.285 1.323 0.107 - - - - 0.959 - - 

  Forest Floor 1.033 0.154 0.977 0.201 - - - - 0.834 - - 

  Fine Roots 0.637 0.119 0.557 0.040 - - - - 0.560 - - 

  Soil 0.0-0.2 m 0.322 0.064 0.262 0.011 - - - - 0.411 - - 

  Soil 0.2-0.4 m 0.156 0.004 0.167 0.032 - - - - 0.753 - - 

  Soil 0.4-0.6 m 0.105 0.010 0.107 0.026 - - - - 0.965 - - 

  Soil 0.6-1.0 m 0.067 0.014 0.050 0.006 - - - - 0.315 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.13. Concentration (ppm) of sodium (Na) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue ppm SE ppm SE ppm SE ppm SE Trt Site Site x Trt 

DF Foliage 148.580 25.340 229.924 41.497 94.074 12.767 70.104 3.895 0.277 0.001 0.059 

  Branches 47.097 20.326 33.214 4.105 2.848 3.269 6.462 7.574 0.619 0.018 0.417 

  Bark 252.500 122.419 102.548 3.745 28.500 4.201 41.981 8.322 0.288 0.073 0.212 

  Wood - - - - - - - - - - - 

  Understory 205.89 48.98 171.86 25.79 177.92 30.71 148.38 34.07 0.309 0.460 0.941 

  Forest Floor 177.49 13.68 160.98 8.77 133.90 1.00 128.11 12.63 0.193 0.005 0.511 

  Fine Roots 157.85 28.11 139.01 8.50 92.85 13.78 80.67 7.66 0.232 0.005 0.786 

  Soil 0.0-0.2 m 173.16 14.92 186.22 5.97 122.03 2.45 124.80 3.52 0.360 <0.001 0.548 

  Soil 0.2-0.4 m 171.23 8.21 173.98 4.29 174.77 17.92 185.24 21.00 0.544 0.200 0.720 

  Soil 0.4-0.6 m 217.99 12.33 255.96 15.92 137.91 3.83 135.33 9.93 0.055 <0.001 0.034 

  Soil 0.6-1.0 m 161.13 6.46 174.59 5.52 123.29 7.92 116.91 6.87 0.469 <0.001 0.066 

WH Foliage 117.286 10.844 142.831 36.381 - - - - 0.526 - - 

 Branches 1.778 4.232 6.563 2.151 - - - - 0.165 - - 

  Bark 89.351 21.525 76.812 8.700 - - - - 0.610 - - 

  Wood - - - - - - - - - - - 

  Understory 246.05 42.27 191.50 31.67 - - - - 0.341 - - 

  Forest Floor 163.11 11.97 160.60 3.07 - - - - 0.845 - - 

  Fine Roots 119.53 8.76 130.86 6.55 - - - - 0.211 - - 

  Soil 0.0-0.2 m 153.37 3.94 158.00 7.24 - - - - 0.595 - - 

  Soil 0.2-0.4 m 187.92 9.38 204.82 15.36 - - - - 0.384 - - 

  Soil 0.4-0.6 m 188.64 9.19 189.55 15.14 - - - - 0.954 - - 

  Soil 0.6-1.0 m 149.90 1.42 149.69 9.37 - - - - 0.983 - - 

WRC Foliage 130.180 36.392 96.327 5.043 66.372 29.553 66.150 9.657 0.409 0.122 0.416 

  Branches 14.398 14.133 11.174 2.879 2.072 6.913 -7.412 2.992 0.450 0.082 0.707 

  Bark 63.242 6.253 55.987 5.957 22.849 4.542 20.074 5.938 0.397 <0.001 0.702 

  Wood - - - - - - - - - - - 

  Understory 164.66 35.07 237.94 68.48 171.04 46.74 179.00 55.39 0.247 0.111 0.338 

  Forest Floor 203.49 19.58 164.50 3.94 94.85 8.27 101.09 8.60 0.164 <0.001 0.074 

  Fine Roots 180.45 58.79 132.43 4.16 131.37 31.66 78.64 7.98 0.126 0.193 0.937 

  Soil 0.0-0.2 m 156.19 19.24 158.06 7.61 132.26 9.62 136.84 9.04 0.786 0.116 0.909 

  Soil 0.2-0.4 m 229.57 16.06 212.81 22.44 189.91 12.14 235.59 11.64 0.365 0.592 0.068 

  Soil 0.4-0.6 m 190.92 12.75 169.88 6.10 133.48 5.52 135.68 9.11 0.301 <0.001 0.209 

  Soil 0.6-1.0 m 180.45 9.67 188.02 7.09 116.35 8.89 119.86 6.11 0.510 <0.001 0.808 

GF Foliage 67.127 15.166 72.742 10.920 - - - - 0.774 - - 

  Branches 30.592 17.391 36.721 9.497 - - - - 0.665 - - 

  Bark 62.789 6.010 50.629 7.701 - - - - 0.083 - - 

  Wood - - - - - - - - - - - 

  Understory 248.70 21.53 222.58 1.61 - - - - 0.337 - - 

  Forest Floor 135.31 4.48 140.73 8.22 - - - - 0.302 - - 

  Fine Roots 122.17 9.84 158.62 27.13 - - - - 0.268 - - 

  Soil 0.0-0.2 m 166.06 10.84 196.64 1.72 - - - - 0.050 - - 

  Soil 0.2-0.4 m 206.18 4.78 212.21 22.39 - - - - 0.812 - - 

  Soil 0.4-0.6 m 185.03 1.59 188.50 8.36 - - - - 0.675 - - 

  Soil 0.6-1.0 m 178.57 16.87 159.85 21.69 - - - - 0.353 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.14. Concentration (%) of phosphorus (P) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites locate d in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 0.163 0.018 0.169 0.019 0.213 0.005 0.193 0.023 0.664 0.084 0.462 

  Branches 0.060 0.014 0.056 0.007 0.065 0.009 0.061 0.010 0.610 0.484 0.942 

  Bark 0.059 0.005 0.059 0.006 0.055 0.002 0.053 0.003 0.780 0.417 0.927 

  Wood 0.004 0.000 0.003 0.000 0.007 0.002 0.004 0.001 0.155 0.092 0.189 

  Understory 0.146 0.046 0.105 0.012 0.207 0.027 0.254 0.034 0.895 0.008 0.088 

  Forest Floor 0.087 0.009 0.089 0.006 0.093 0.008 0.096 0.006 0.730 0.371 0.991 

  Fine Roots 0.078 0.004 0.080 0.012 0.068 0.002 0.081 0.009 0.242 0.334 0.378 

  Soil 0.0-0.2 m 0.526 0.028 0.555 0.041 1.018 0.078 0.954 0.054 0.752 <0.001 0.404 

  Soil 0.2-0.4 m 0.561 0.120 0.380 0.024 0.879 0.086 0.877 0.080 0.276 0.001 0.285 

  Soil 0.4-0.6 m 0.504 0.077 0.349 0.026 0.662 0.058 0.687 0.054 0.273 0.001 0.138 

  Soil 0.6-1.0 m 0.273 0.028 0.334 0.028 0.736 0.193 0.647 0.048 0.892 0.002 0.475 

WH Foliage 0.280 0.044 0.230 0.031 - - - - 0.397 - - 

 Branches 0.043 0.004 0.044 0.005 - - - - 0.875 - - 

  Bark 0.095 0.009 0.077 0.005 - - - - 0.127 - - 

  Wood 0.010 0.003 0.010 0.002 - - - - 0.973 - - 

  Understory 0.197 0.044 0.157 0.005 - - - - 0.405 - - 

  Forest Floor 0.105 0.004 0.109 0.005 - - - - 0.413 - - 

  Fine Roots 0.086 0.006 0.083 0.012 - - - - 0.695 - - 

  Soil 0.0-0.2 m 0.708 0.154 0.674 0.074 - - - - 0.814 - - 

  Soil 0.2-0.4 m 0.637 0.174 0.617 0.103 - - - - 0.921 - - 

  Soil 0.4-0.6 m 0.541 0.083 0.505 0.061 - - - - 0.710 - - 

  Soil 0.6-1.0 m 0.362 0.071 0.332 0.039 - - - - 0.408 - - 

WRC Foliage 0.127 0.009 0.113 0.007 0.113 0.012 0.109 0.015 0.440 0.441 0.650 

  Branches 0.031 0.006 0.039 0.004 0.044 0.005 0.042 0.007 0.700 0.361 0.404 

  Bark 0.053 0.007 0.039 0.002 0.052 0.002 0.050 0.006 0.140 0.319 0.228 

  Wood 0.005 0.000 0.006 0.001 0.007 0.001 0.006 0.001 0.694 0.133 0.250 

  Understory 0.164 0.041 0.168 0.045 0.176 0.040 0.246 0.030 0.357 0.344 0.403 

  Forest Floor 0.100 0.018 0.090 0.021 0.064 0.012 0.064 0.021 0.713 0.060 0.726 

  Fine Roots 0.082 0.003 0.078 0.013 0.064 0.003 0.081 0.005 0.371 0.310 0.162 

  Soil 0.0-0.2 m 0.763 0.084 0.826 0.076 1.083 0.161 1.150 0.180 0.438 0.005 0.981 

  Soil 0.2-0.4 m 0.642 0.079 0.602 0.056 0.805 0.102 0.869 0.151 0.838 0.009 0.404 

  Soil 0.4-0.6 m 0.560 0.008 0.484 0.030 0.683 0.111 0.575 0.103 0.112 0.018 0.749 

  Soil 0.6-1.0 m 0.400 0.018 0.364 0.032 0.548 0.071 0.536 0.156 0.819 0.202 0.909 

GF Foliage 0.136 0.008 0.155 0.016 - - - - 0.348 - - 

  Branches 0.064 0.009 0.112 0.025 - - - - 0.122 - - 

  Bark 0.078 0.010 0.052 0.006 - - - - 0.073 - - 

  Wood 0.006 0.000 0.007 0.002 - - - - 0.547 - - 

  Understory 0.175 0.053 0.144 0.005 - - - - 0.594 - - 

  Forest Floor 0.098 0.012 0.111 0.011 - - - - 0.468 - - 

  Fine Roots 0.098 0.008 0.111 0.020 - - - - 0.586 - - 

  Soil 0.0-0.2 m 0.732 0.174 0.923 0.166 - - - - 0.471 - - 

  Soil 0.2-0.4 m 0.464 0.057 0.649 0.157 - - - - 0.331 - - 

  Soil 0.4-0.6 m 0.481 0.148 0.498 0.091 - - - - 0.925 - - 

  Soil 0.6-1.0 m 0.382 0.161 0.365 0.006 - - - - 0.923 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.15. Concentration (%) of Sulfur (S) of tree and ecosystem components for 18 year-old Douglas-

fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under contrasting 

treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of 

western Oregon. SE is the standard error. The P-value shown is in bold if the difference in concentration was 

significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Foliage 0.121 0.006 0.154 0.039 0.115 0.004 0.111 0.002 0.463 0.229 0.367 

  Branches 0.065 0.005 0.061 0.004 0.049 0.002 0.052 0.003 0.244 0.006 0.024 

  Bark 0.065 0.011 0.051 0.002 0.049 0.003 0.049 0.002 0.291 0.188 0.308 

  Wood 0.032 0.001 0.034 0.003 0.030 0.000 0.033 0.001 0.244 0.509 0.790 

  Understory 0.157 0.029 0.113 0.004 0.147 0.012 0.168 0.017 0.554 0.279 0.099 

  Forest Floor 0.106 0.012 0.112 0.007 0.114 0.006 0.113 0.002 0.592 0.994 0.494 

  Fine Roots 0.079 0.005 0.080 0.001 0.071 0.005 0.075 0.002 0.524 0.103 0.661 

WH Foliage 0.110 0.018 0.092 0.019 - - - - 0.481 - - 

 Branches 0.052 0.003 0.050 0.003 - - - - 0.370 - - 

  Bark 0.055 0.004 0.057 0.006 - - - - 0.529 - - 

  Wood 0.032 0.000 0.032 0.001 - - - - 0.878 - - 

  Understory 0.160 0.015 0.172 0.006 - - - - 0.452 - - 

  Forest Floor 0.104 0.006 0.107 0.006 - - - - 0.784 - - 

  Fine Roots 0.075 0.004 0.068 0.002 - - - - 0.234 - - 

WRC Foliage 0.077 0.011 0.058 0.001 0.084 0.003 0.078 0.003 0.071 0.071 0.399 

  Branches 0.048 0.004 0.050 0.001 0.045 0.002 0.036 0.003 0.301 0.011 0.081 

  Bark 0.063 0.010 0.055 0.004 0.048 0.000 0.047 0.001 0.429 0.012 0.449 

  Wood 0.035 0.001 0.036 0.002 0.036 0.001 0.035 0.002 0.663 0.680 0.119 

  Understory 0.148 0.014 0.150 0.016 0.121 0.012 0.122 0.003 0.886 0.026 0.957 

  Forest Floor 0.116 0.017 0.100 0.015 0.080 0.005 0.074 0.005 0.302 0.027 0.648 

  Fine Roots 0.079 0.005 0.080 0.005 0.074 0.003 0.076 0.002 0.524 0.103 0.661 

GF Foliage 0.102 0.015 0.090 0.011 - - - - 0.900 - - 

  Branches 0.053 0.003 0.070 0.008 - - - - 0.113 - - 

  Bark 0.062 0.002 0.053 0.002 - - - - 0.019 - - 

  Wood 0.033 0.002 0.034 0.003 - - - - 0.873 - - 

  Understory 0.187 0.019 0.150 0.005 - - - - 0.134 - - 

  Forest Floor 0.101 0.007 0.099 0.011 - - - - 0.885 - - 

  Fine Roots 0.084 0.004 0.074 0.004 - - - - 11.520 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Appendix Table S.5.16. Concentration (ppm) of zinc (Zn) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting treatments of vegetation management on sites located in the central Coast Range (CR) and Cascade 

Foothills (CF) of western Oregon. SE is the standard error. The P-value shown is in bold if the difference in 

concentration was significant at α=0.05. 

    CR Control CR VM CF Control CF VM P-value 

Species Tissue ppm SE ppm SE ppm SE ppm SE Trt Site Site x Trt 

DF Foliage 11.031 2.015 10.416 0.856 12.386 1.079 11.922 2.705 0.897 0.841 0.881 

  Branches 19.187 2.456 18.013 1.075 14.970 2.112 13.522 2.780 0.422 0.092 0.965 

  Bark 16.825 0.555 18.194 1.248 17.993 3.263 16.904 1.087 0.927 0.997 0.515 

  Wood 3.674 0.681 3.001 0.380 4.635 0.741 4.906 0.793 0.769 0.053 0.494 

  Understory 26.617 11.655 16.493 6.024 21.821 2.580 33.762 5.748 0.903 0.408 0.155 

  Forest Floor 9.793 1.488 10.135 1.217 15.676 1.857 14.442 1.495 0.777 0.020 0.620 

  Fine Roots 10.979 0.876 12.399 1.642 12.767 1.252 10.983 0.367 0.836 0.799 0.102 

  Soil 0.0-0.2 m 58.228 3.024 65.472 7.464 67.605 3.764 69.057 11.592 0.527 0.534 0.671 

  Soil 0.2-0.4 m 61.790 2.428 56.924 6.136 62.827 3.904 69.478 11.360 0.892 0.471 0.396 

  Soil 0.4-0.6 m 62.669 2.541 57.902 7.540 50.524 3.791 57.838 9.597 0.846 0.405 0.375 

  Soil 0.6-1.0 m 50.815 4.120 54.975 5.893 49.460 12.250 51.591 8.244 0.679 0.658 0.893 

WH Foliage 11.686 0.896 10.341 0.983 - - - - 0.351 - - 

 Branches 9.741 2.491 7.155 1.007 - - - - 0.373 - - 

  Bark 7.075 1.283 5.218 1.207 - - - - 0.333 - - 

  Wood 3.645 0.942 3.168 0.487 - - - - 0.683 - - 

  Understory 27.572 7.117 13.608 0.456 - - - - 0.131 - - 

  Forest Floor 14.366 0.997 12.490 1.538 - - - - 0.346 - - 

  Fine Roots 10.428 0.565 10.376 1.370 - - - - 0.973 - - 

  Soil 0.0-0.2 m 67.528 3.716 66.495 2.980 - - - - 0.836 - - 

  Soil 0.2-0.4 m 70.611 4.061 65.751 4.357 - - - - 0.446 - - 

  Soil 0.4-0.6 m 67.979 5.162 64.724 2.614 - - - - 0.594 - - 

  Soil 0.6-1.0 m 53.941 5.279 53.569 1.731 - - - - 0.935 - - 

WRC Foliage 16.022 1.474 12.557 0.827 15.489 1.906 13.358 1.630 0.089 0.931 0.667 

  Branches 10.508 1.384 9.513 0.823 9.059 2.663 5.889 0.947 0.225 0.145 0.516 

  Bark 18.825 5.188 12.305 2.538 11.587 2.558 9.807 0.453 0.215 0.150 0.469 

  Wood 2.012 0.044 2.494 0.350 2.889 0.592 3.038 0.564 0.492 0.136 0.716 

  Understory 19.021 6.003 14.034 3.098 20.366 5.086 31.775 5.296 0.549 0.095 0.145 

  Forest Floor 13.283 1.445 14.650 7.188 15.039 2.856 10.771 2.520 0.691 0.708 0.448 

  Fine Roots 13.898 1.484 10.095 0.611 35.193 17.267 19.389 4.405 0.287 0.365 0.499 

  Soil 0.0-0.2 m 67.375 7.071 71.251 4.990 80.082 9.555 86.671 4.025 0.292 0.036 0.772 

  Soil 0.2-0.4 m 77.650 6.002 68.045 5.955 71.207 6.946 78.539 6.081 0.749 0.535 0.051 

  Soil 0.4-0.6 m 75.434 9.748 66.819 4.836 62.587 6.037 68.148 5.730 0.823 0.604 0.334 

  Soil 0.6-1.0 m 46.951 8.450 57.207 4.117 50.765 4.232 61.533 12.002 0.238 0.570 0.975 

GF Foliage 24.702 3.402 24.965 5.025 - - - - 0.300 - - 

  Branches 14.174 3.192 16.743 2.596 - - - - 0.562 - - 

  Bark 17.857 2.810 8.741 0.635 - - - - 0.019 - - 

  Wood 4.353 0.877 3.680 0.325 - - - - 0.499 - - 

  Understory 19.750 7.024 17.388 5.177 - - - - 0.800 - - 

  Forest Floor 17.965 3.157 20.271 2.256 - - - - 0.584 - - 

  Fine Roots 14.379 0.757 16.935 5.214 - - - - 0.624 - - 

  Soil 0.0-0.2 m 65.707 1.521 83.900 6.691 - - - - 0.078 - - 

  Soil 0.2-0.4 m 75.079 3.157 75.342 10.140 - - - - 0.976 - - 

  Soil 0.4-0.6 m 66.434 2.161 75.266 8.629 - - - - 0.377 - - 

  Soil 0.6-1.0 m 56.841 5.840 57.043 4.607 - - - - 0.980 - - 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site 
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Chapter 2   

Chapter 3  
Appendix Table S.3.1. Results of ANOVA test for potassium (K) and sodium (Na) plant derived nutrient pools for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). High concentration assumes stem tissue concentrations of 1.5 ppm Na and 0.03% K in all 

species. Low concentration assumes stem tissue concentrations of 0.05 ppm and 0.01% K in all species. Significant 

differences are highlighted in bold. 

Assumption Nutrient Spp Site Trt Site x Spp Spp x Trt Site x Trt Site x Spp x Trt 

High K 0.015 0.343 0.088 0.491 0.019 0.123 0.120 

 Na <0.001 <0.001 0.425 <0.001 0.260 0.124 0.266 

Low K 0.015 0.539 0.100 0.657 0.032 0.200 0.199 

  Na <0.001 <0.001 0.431 <0.001 0.266 0.134 0.248 

 

Appendix Table S.3.2. Results of ANOVA test for nutrient pools of plant and soil derived boron (B) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

B - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.211 0.004 0.002 0.060 0.155 0.005 0.123 

 Foliage <0.001 <0.001 <0.001 <0.001 0.344 <0.001 0.132 

 Bark 0.014 0.002 <0.001 0.662 0.190 0.007 0.085 

 Branch 0.030 <0.001 <0.001 0.822 0.611 <0.001 0.014 

 Wood 0.834 <0.001 <0.001 0.235 0.393 <0.001 0.196 

 Plant Roots 0.209 0.223 0.577 0.294 0.745 0.407 0.856 

 Mid Foliage 0.038 0.064 0.002 0.006 0.028 0.064 0.004 

 Mid Wood 0.015 0.091 0.001 0.003 0.016 0.097 0.003 

 Forest Floor 0.276 0.001 0.759 0.840 0.275 0.371 0.260 

 Understory 0.063 0.679 0.005 0.189 0.143 0.378 0.392 

 Veg Roots <0.001 0.003 <0.001 <0.001 <0.001 0.004 <0.001 

Soil <0.001 0.701 0.436 0.814 0.779 0.728 0.803 

 0.0-0.2 m <0.001 0.121 0.043 0.010 0.694 0.697 0.603 

 0.2-0.4 m <0.001 0.129 0.227 0.801 0.932 0.386 0.148 

 0.4-0.6 m <0.001 0.661 0.819 0.840 0.788 0.979 0.570 

  1.0-0.6 m <0.001 0.594 0.855 0.256 0.823 0.574 0.715 
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Appendix Table S.3.3. Results of ANOVA test for nutrient pools of plant and soil derived carbon (C) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

C - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant <0.001 0.048 0.003 0.013 0.003 0.001 0.018 

 Foliage 0.073 0.006 <0.001 0.851 0.713 <0.001 0.156 

 Bark 0.003 <0.001 <0.001 0.649 0.406 0.001 0.017 

 Branch 0.001 <0.001 <0.001 0.437 0.633 0.003 0.026 

 Wood <0.001 <0.001 <0.001 0.023 0.568 <0.001 0.025 

 Plant Roots 0.105 0.007 0.160 0.849 0.878 0.186 0.376 

 Mid Foliage 0.104 0.071 0.004 0.026 0.076 0.071 0.019 

 Mid Wood 0.009 0.067 0.001 0.002 0.008 0.072 0.001 

 Forest Floor 0.585 0.010 0.516 0.881 0.338 0.609 0.630 

 Understory 0.835 0.339 <0.001 0.593 0.515 0.636 0.405 

 Veg Roots <0.001 0.013 <0.001 <0.001 <0.001 0.014 <0.001 

Soil 0.469 0.403 0.332 0.975 0.198 0.501 0.305 

 0.0-0.2 m 0.792 0.145 0.965 0.837 0.906 0.681 0.860 

 0.2-0.4 m 0.781 0.866 0.443 0.455 0.176 0.905 0.716 

 0.4-0.6 m 0.011 0.726 0.243 0.556 0.046 0.028 0.016 

  1.0-0.6 m 0.797 0.549 0.570 0.355 0.881 0.486 0.578 

 

Appendix Table S.3.4. Results of ANOVA test for nutrient pools of plant and soil derived calcium (Ca) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Ca - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.215 0.011 0.016 0.132 0.222 0.245 0.930 

 Foliage 0.679 <0.001 <0.001 0.776 0.418 <0.001 0.158 

 Bark 0.008 0.040 <0.001 0.007 0.076 <0.001 0.002 

 Branch <0.001 0.004 <0.001 0.586 0.012 <0.001 0.002 

 Wood <0.001 0.001 <0.001 0.862 0.469 <0.001 <0.001 

 Plant Roots 0.051 0.047 0.645 0.510 0.896 0.536 0.613 

 Mid Foliage 0.035 0.072 0.001 0.004 0.017 0.074 0.002 

 Mid Wood 0.009 0.075 0.001 0.001 0.009 0.081 0.001 

 Forest Floor 0.226 0.010 0.650 0.971 0.019 0.592 0.171 

 Understory 0.181 0.299 0.005 0.438 0.121 0.703 0.363 

 Veg Roots <0.001 0.011 <0.001 <0.001 <0.001 0.011 <0.001 

Soil <0.001 0.071 0.205 0.688 0.817 0.749 0.833 

 0.0-0.2 m <0.001 0.148 0.984 0.825 0.647 0.981 0.271 

 0.2-0.4 m <0.001 0.722 0.722 0.373 0.591 0.814 0.381 

 0.4-0.6 m <0.001 0.518 0.021 0.431 0.649 0.786 0.851 

  1.0-0.6 m <0.001 0.141 0.158 0.488 0.799 0.226 0.403 

 

Appendix Table S.3.5. Results of ANOVA test for nutrient pools of plant and soil derived copper (Cu) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 
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vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Cu - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.271 0.009 0.019 0.002 <0.001 <0.001 0.095 

 Foliage 0.948 <0.001 <0.001 0.809 0.884 <0.001 0.319 

 Bark 0.383 <0.001 <0.001 0.618 0.764 0.039 0.039 

 Branch <0.001 <0.001 <0.001 0.260 0.612 <0.001 <0.001 

 Wood <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 Plant Roots 0.263 0.224 0.214 0.082 0.609 0.120 0.308 

 Mid Foliage 0.028 0.058 0.001 0.006 0.022 0.058 0.004 

 Mid Wood 0.005 0.067 0.001 0.001 0.005 0.073 0.001 

 Forest Floor 0.123 0.033 0.613 0.214 0.349 0.344 0.190 

 Understory 0.653 0.706 0.002 0.177 0.381 0.465 0.131 

 Veg Roots 0.004 0.025 <0.001 0.003 0.003 0.024 0.003 

Soil <0.001 0.739 0.059 0.975 0.465 0.828 0.022 

 0.0-0.2 m <0.001 0.560 0.037 0.495 0.869 0.450 0.664 

 0.2-0.4 m <0.001 0.521 0.705 0.313 0.262 0.581 0.270 

 0.4-0.6 m <0.001 0.555 0.095 0.924 0.981 0.808 0.483 

  1.0-0.6 m <0.001 0.416 0.116 0.940 0.593 0.841 0.016 

 

Appendix Table S.3.6. Results of ANOVA test for nutrient pools of plant and soil derived iron (Fe) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Fe - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.207 0.299 0.246 0.207 0.206 0.299 0.207 

 Foliage 0.004 <0.001 <0.001 0.052 0.085 <0.001 0.756 

 Bark 0.001 <0.001 <0.001 <0.001 0.974 <0.001 <0.001 

 Branch <0.001 0.007 <0.001 0.108 0.132 <0.001 <0.001 

 Wood 0.262 <0.001 <0.001 <0.001 0.561 <0.001 <0.001 

 Plant Roots 0.086 0.082 0.106 0.083 0.935 0.187 0.831 

 Mid Foliage 0.023 0.082 0.001 0.002 0.018 0.085 0.002 

 Mid Wood 0.006 0.056 0.001 0.001 0.004 0.061 0.001 

 Forest Floor 0.669 <0.001 0.808 0.261 0.067 0.847 0.902 

 Understory 0.568 0.225 0.155 0.791 0.110 0.571 0.231 

 Veg Roots 0.026 0.130 0.002 0.021 0.023 0.126 0.018 

Soil <0.001 0.674 0.296 0.759 0.666 0.785 0.920 

 0.0-0.2 m <0.001 0.524 0.037 0.093 0.748 0.409 0.767 

 0.2-0.4 m <0.001 0.181 0.358 0.616 0.687 0.373 0.785 

 0.4-0.6 m <0.001 0.545 0.436 0.731 0.416 0.946 0.892 

  1.0-0.6 m <0.001 0.434 0.563 0.959 0.661 0.776 0.738 

 

Appendix Table S.3.7. Results of ANOVA test for nutrient pools of plant and soil derived potassium (K) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 



141 

 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

K - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.343 0.015 0.654 0.491 0.123 0.019 0.120 

 Foliage 0.020 <0.001 <0.001 0.306 0.018 <0.001 0.303 

 Bark <0.001 <0.001 <0.001 <0.001 0.006 0.025 0.109 

 Branch 0.068 <0.001 <0.001 0.011 0.580 <0.001 0.642 

 Wood <0.001 <0.001 <0.001 0.013 0.581 <0.001 0.037 

 Plant Roots 0.009 0.205 0.501 0.353 0.919 0.558 0.382 

 Mid Foliage 0.022 0.067 0.001 0.004 0.020 0.069 0.003 

 Mid Wood 0.010 0.069 0.001 0.002 0.009 0.074 0.001 

 Forest Floor 0.369 0.006 0.032 0.212 0.129 0.092 0.209 

 Understory 0.196 0.951 0.008 0.274 0.232 0.580 0.347 

 Veg Roots <0.001 0.030 <0.001 <0.001 <0.001 0.030 <0.001 

Soil <0.001 0.052 0.323 0.726 0.261 0.937 0.272 

 0.0-0.2 m <0.001 0.179 0.766 0.198 0.141 0.779 0.280 

 0.2-0.4 m <0.001 0.722 0.999 0.777 0.761 0.886 0.903 

 0.4-0.6 m <0.001 0.099 0.244 0.426 0.669 0.980 0.692 

  1.0-0.6 m <0.001 0.043 0.248 0.968 0.380 0.898 0.273 

 

Appendix Table S.3.8. Results of ANOVA test for nutrient pools of plant and soil derived magnesium (Mg) masses 

for Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Mg - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.001 0.196 0.001 0.080 0.004 0.021 0.020 

 Foliage <0.001 0.001 <0.001 0.094 0.955 0.001 0.009 

 Bark <0.001 <0.001 <0.001 0.004 0.792 0.002 0.002 

 Branch <0.001 <0.001 <0.001 0.003 0.778 <0.001 <0.001 

 Wood <0.001 <0.001 <0.001 0.057 0.011 <0.001 0.007 

 Plant Roots 0.047 0.033 0.298 0.795 0.803 0.333 0.354 

 Mid Foliage 0.023 0.081 0.001 0.004 0.021 0.085 0.003 

 Mid Wood 0.002 0.049 0.001 <0.001 0.002 0.053 <0.001 

 Forest Floor 0.427 0.003 0.248 0.871 0.178 0.304 0.129 

 Understory 0.469 0.522 0.005 0.394 0.290 0.271 0.287 

 Veg Roots <0.001 0.014 <0.001 <0.001 <0.001 0.014 <0.001 

Soil <0.001 0.018 0.051 0.254 0.369 0.537 0.461 

 0.0-0.2 m <0.001 0.033 0.049 0.167 0.309 0.468 0.118 

 0.2-0.4 m <0.001 0.371 0.288 0.659 0.500 0.240 0.275 

 0.4-0.6 m <0.001 0.041 0.151 0.296 0.325 0.777 0.648 

  1.0-0.6 m <0.001 0.008 0.071 0.210 0.472 0.507 0.725 

 

Appendix Table S.3.9. Results of ANOVA test for nutrient pools of plant and soil derived manganese (Mn) masses 

for Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 
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vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Mn - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant <0.001 <0.001 <0.001 0.709 0.288 0.001 0.912 

 Foliage 0.047 <0.001 <0.001 0.025 0.491 <0.001 0.348 

 Bark <0.001 <0.001 <0.001 <0.001 0.144 <0.001 0.446 

 Branch 0.002 <0.001 <0.001 0.128 0.093 <0.001 <0.001 

 Wood <0.001 <0.001 <0.001 <0.001 0.049 <0.001 0.008 

 Plant Roots <0.001 0.045 0.031 0.016 0.816 0.116 0.292 

 Mid Foliage 0.385 0.091 0.018 0.213 0.190 0.089 0.095 

 Mid Wood 0.015 0.074 0.004 0.004 0.010 0.075 0.002 

 Forest Floor 0.009 0.008 0.080 0.252 0.245 0.548 0.938 

 Understory 0.395 0.964 0.029 0.109 0.379 0.598 0.111 

 Veg Roots 0.020 0.089 0.001 0.012 0.015 0.086 0.009 

Soil <0.001 0.080 0.494 0.543 0.766 0.739 0.517 

 0.0-0.2 m <0.001 0.212 0.006 0.128 0.652 0.034 0.920 

 0.2-0.4 m <0.001 0.024 0.847 0.927 0.282 0.992 0.573 

 0.4-0.6 m <0.001 0.103 0.731 0.349 0.774 0.604 0.109 

  1.0-0.6 m 0.003 0.498 0.937 0.680 0.471 0.469 0.934 

 

Appendix Table S.3.10. Results of ANOVA test for nutrient pools of plant and soil derived nitrogen (N) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

N - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.012 0.732 0.341 0.282 0.075 0.013 0.067 

 Foliage <0.001 0.234 <0.001 0.080 0.005 0.001 0.003 

 Bark <0.001 <0.001 <0.001 <0.001 0.463 <0.001 0.018 

 Branch <0.001 <0.001 <0.001 0.003 0.034 <0.001 0.001 

 Wood <0.001 <0.001 <0.001 0.491 0.050 <0.001 0.037 

 Plant Roots 0.369 0.156 0.165 0.323 0.760 0.111 0.205 

 Mid Foliage 0.029 0.072 0.001 0.006 0.027 0.075 0.005 

 Mid Wood 0.037 0.070 0.001 0.015 0.015 0.045 0.004 

 Forest Floor 0.341 0.001 0.918 0.507 0.394 0.414 0.400 

 Understory 0.785 0.310 0.001 0.678 0.522 0.422 0.482 

 Veg Roots 0.001 0.008 <0.001 0.001 0.001 0.008 0.001 

Soil 0.445 0.087 0.161 0.802 0.316 0.341 0.287 

 0.0-0.2 m 0.794 0.094 0.586 0.787 0.698 0.640 0.421 

 0.2-0.4 m 0.325 0.551 0.400 0.225 0.124 0.860 0.100 

 0.4-0.6 m 0.900 0.748 0.205 0.988 0.136 0.061 0.060 

  1.0-0.6 m 0.350 0.422 0.437 0.462 0.284 0.063 0.397 

 

Appendix Table S.3.11. Results of ANOVA test for nutrient pools of plant and soil derived sodium masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 
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vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Na - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant <0.001 <0.001 0.907 <0.001 0.124 0.260 0.266 

 Foliage <0.001 <0.001 <0.001 <0.001 <0.001 0.004 0.011 

 Bark <0.001 <0.001 0.680 <0.001 <0.001 <0.001 <0.001 

 Branch <0.001 <0.001 <0.001 <0.001 0.988 <0.001 <0.001 

 Wood <0.001 <0.001 <0.001 0.013 0.581 <0.001 0.037 

 Plant Roots 0.075 0.371 0.152 0.577 0.767 0.099 0.125 

 Mid Foliage 0.098 0.071 0.005 0.033 0.103 0.069 0.034 

 Mid Wood 0.268 0.085 0.009 0.122 0.271 0.084 0.123 

 Forest Floor 0.008 <0.001 0.962 0.136 0.108 0.490 0.487 

 Understory 0.960 0.524 0.003 0.627 0.214 0.198 0.134 

 Veg Roots 0.033 0.080 0.005 0.031 0.031 0.078 0.029 

Soil <0.001 0.007 0.227 0.214 0.449 0.125 0.312 

 0.0-0.2 m <0.001 0.014 0.022 <0.001 0.479 0.650 0.956 

 0.2-0.4 m 0.449 0.054 0.774 0.437 0.221 0.433 0.551 

 0.4-0.6 m <0.001 <0.001 0.305 0.002 0.215 0.080 0.073 

  1.0-0.6 m <0.001 0.033 0.702 0.817 0.164 0.104 0.511 

 

Appendix Table S.3.12. Results of ANOVA test for nutrient pools of plant and soil derived phosphorous (P) masses 

for Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

P - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.009 0.002 0.045 0.027 0.036 0.002 0.105 

 Foliage <0.001 <0.001 <0.001 0.061 0.654 0.001 0.217 

 Bark <0.001 <0.001 <0.001 0.003 0.951 <0.001 0.171 

 Branch <0.001 <0.001 <0.001 0.241 0.754 <0.001 0.022 

 Wood <0.001 <0.001 <0.001 0.005 0.067 <0.001 0.573 

 Plant Roots 0.463 0.113 0.105 0.417 0.550 0.221 0.741 

 Mid Foliage 0.029 0.082 0.001 0.003 0.025 0.084 0.003 

 Mid Wood 0.034 0.125 0.002 0.007 0.037 0.131 0.007 

 Forest Floor 0.292 0.001 0.512 0.982 0.254 0.719 0.872 

 Understory 0.335 0.413 0.007 0.582 0.250 0.399 0.441 

 Veg Roots <0.001 0.021 <0.001 <0.001 <0.001 0.021 <0.001 

Soil 0.002 0.256 0.835 0.340 0.735 0.964 0.975 

 0.0-0.2 m 0.005 0.215 0.258 0.856 0.630 0.712 0.905 

 0.2-0.4 m 0.006 0.452 0.991 0.200 0.210 0.802 0.450 

 0.4-0.6 m 0.010 0.354 0.400 0.472 0.948 0.811 0.351 

  1.0-0.6 m 0.002 0.437 0.902 0.217 0.441 0.729 0.521 

 

Appendix Table S.3.13. Results of ANOVA test for nutrient pools of plant and soil derived Sulfur (S) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 
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vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

S - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.001 0.703 0.013 0.024 0.005 0.069 0.003 

 Foliage 0.009 <0.001 <0.001 0.002 0.500 0.328 0.189 

 Bark <0.001 <0.001 <0.001 0.030 0.494 <0.001 <0.001 

 Branch <0.001 <0.001 <0.001 0.006 0.624 <0.001 0.002 

 Wood <0.001 <0.001 <0.001 0.008 0.740 <0.001 0.027 

 Plant Roots 0.457 0.084 0.072 0.386 0.770 0.069 0.276 

 Mid Foliage 0.102 0.082 0.007 0.027 0.079 0.082 0.020 

 Mid Wood 0.024 0.131 0.002 0.004 0.026 0.138 0.005 

 Forest Floor 0.460 0.004 0.622 0.676 0.392 0.605 0.723 

 Understory 0.635 0.542 0.004 0.886 0.505 0.441 0.233 

  Veg Roots 0.001 0.027 <0.001 0.001 0.001 0.027 0.001 

 

Appendix Table S.3.14. Results of ANOVA test for nutrient pools of plant and soil derived zinc (Zn) masses for 

Douglas-fir, western hemlock, western redcedar and grand fir (Spp) growing under contrasting treatments of 

vegetation management (Trt) on sites located in the central Coast Range (CR) and the Cascade foothills (CF) of 

western Oregon (Site). Significant differences are highlighted in bold. 

Zn - Pool Site Spp Trt Site x Spp Sit x Trt Spp x Trt Site x Spp x Trt 

Plant 0.338 0.008 0.015 0.907 0.255 0.005 0.695 

 Foliage 0.409 <0.001 <0.001 0.468 0.921 <0.001 0.287 

 Bark <0.001 <0.001 <0.001 0.460 0.181 0.217 0.206 

 Branch <0.001 <0.001 <0.001 <0.001 0.249 <0.001 0.030 

 Wood 0.001 <0.001 <0.001 0.003 <0.001 <0.001 <0.001 

 Plant Roots 0.247 0.166 0.109 0.154 0.385 0.358 0.393 

 Mid Foliage 0.038 0.065 0.002 0.007 0.022 0.062 0.004 

 Mid Wood 0.014 0.075 0.001 0.003 0.010 0.076 0.002 

 Forest Floor 0.244 0.039 0.645 0.581 0.370 0.635 0.886 

 Understory 0.453 0.699 0.011 0.210 0.639 0.467 0.366 

 Veg Roots 0.005 0.009 <0.001 0.005 0.006 0.010 0.005 

Soil 0.708 0.229 0.314 0.563 0.970 0.720 0.897 

 0.0-0.2 m 0.184 0.653 0.014 0.181 0.700 0.307 0.996 

 0.2-0.4 m 0.787 0.198 0.408 0.604 0.251 0.762 0.836 

 0.4-0.6 m 0.578 0.131 0.923 0.630 0.554 0.922 0.838 

  1.0-0.6 m 0.744 0.217 0.213 0.541 0.606 0.420 0.794 
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Appendix Figure S.3.1. Average boron (B) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old  

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no represent standard error. An * indicates significant differences 

between the Control and VM treatments for a given site and species. 
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Appendix Figure S.3.2. Average carbon stocks (Mg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.3. Average calcium (Ca) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-

old Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.4. Average copper stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.5. Average iron (Fe) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.6. Average potassium (K) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-

old Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.7. Average magnesium (Mg) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 

year-old Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing 

under contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of 

post-planting vegetation management (VM). Error bars represent standard error. An * indicates significant 

differences between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.8. Average manganese (Mn) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 

year-old Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing 

under contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of 

post-planting vegetation management (VM). Error bars represent standard error. An * indicates significant 

differences between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.9. Average nitrogen (N) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.10. Average sodium stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.11. Average phosphorous (P) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-

old Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.12. Average Sulfur (S) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Figure S.3.13. Average zinc (Zn) stocks (kg ha-1) of soil and plant derived nutrient pools for 18 year-old 

Douglas-fir (DF), western hemlock (WH), western redcedar (WRC), and grand fir (GF) stands growing under 

contrasting vegetation management treatments: no post-planting vegetation management (C), and 5-years of post-

planting vegetation management (VM). Error bars represent standard error. An * indicates significant differences 

between the C and VM treatments for a given site and species. 
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Appendix Table S.3.15. Mass (kg ha-1) of boron (B) of tree and ecosystem components for 18-year-old Douglas-fir 

(DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 1.009 0.022 1.121 0.079 1.206 0.077 1.306 0.055 0.043 0.051 0.885 

     Foliage 0.120 0.005 0.150 0.006 0.199 0.003 0.278 0.006 <0.001 <0.001 0.001 

     Branches 0.223 0.009 0.268 0.017 0.179 0.004 0.277 0.007 <0.001 0.130 0.030 

     Bark 0.117 0.005 0.141 0.008 0.099 0.002 0.129 0.003 <0.001 0.012 0.561 

     Wood 0.114 0.006 0.138 0.007 0.119 0.002 0.146 0.003 <0.001 0.231 0.690 

     Tree Roots 0.098 0.026 0.062 0.003 0.106 0.020 0.064 0.006 0.037 0.815 0.863 

     Mid Foliage 0.000 0.000 0.000 0.000 0.015 0.008 0.000 0.000 0.107 0.107 0.107 

     Mid Wood 0.000 0.000 0.000 0.000 0.043 0.027 0.000 0.000 0.170 0.170 0.170 

     Understory 0.067 0.020 0.007 0.004 0.122 0.046 0.005 0.003 0.012 0.335 0.292 

     Forest Floor 0.269 0.039 0.355 0.070 0.323 0.056 0.406 0.035 0.146 0.354 0.977 

     Veg Roots 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.002 0.002 

  Total Soil 272.49 16.36 300.12 39.41 636.64 106.49 624.93 20.72 0.894 <0.001 0.742 

      0.0-0.2 m 45.82 2.79 51.27 4.67 89.30 6.43 86.67 1.14 0.745 <0.001 0.361 

      0.2-0.4 m 55.19 3.61 64.90 6.78 107.10 9.32 131.17 4.33 0.022 <0.001 0.285 

      0.4-0.6 m 62.88 3.59 65.70 11.87 134.56 16.87 123.65 10.70 0.737 <0.001 <0.001 

      0.6-1.0 m 108.60 10.75 118.25 16.59 305.68 83.88 283.43 11.49 0.887 0.001 0.720 

WRC Total Plant 0.997 0.054 0.908 0.056 0.812 0.112 1.007 0.055 0.524 0.607 0.109 

     Foliage 0.074 0.025 0.226 0.009 0.076 0.025 0.216 0.014 0.001 0.862 0.770 

     Branches 0.045 0.017 0.165 0.012 0.042 0.014 0.126 0.008 <0.001 0.132 0.199 

     Bark 0.029 0.013 0.133 0.025 0.030 0.009 0.091 0.006 <0.001 0.147 0.143 

     Wood 0.024 0.009 0.087 0.006 0.029 0.009 0.073 0.005 <0.001 0.568 0.227 

     Tree Roots 0.087 0.069 0.157 0.031 0.144 0.018 0.195 0.021 0.136 0.249 0.800 

     Mid Foliage 0.125 0.030 0.003 0.003 0.034 0.021 0.005 0.005 0.002 0.031 0.025 

     Mid Wood 0.303 0.100 0.006 0.006 0.021 0.010 0.002 0.002 0.013 0.021 0.021 

     Understory 0.082 0.047 0.067 0.033 0.335 0.145 0.108 0.038 0.216 0.140 0.275 

     Forest Floor 0.151 0.041 0.063 0.028 0.096 0.025 0.191 0.095 0.958 0.568 0.172 

     Veg Roots 0.077 0.012 0.001 0.001 0.006 0.002 0.000 0.000 0.001 0.001 0.001 

  Total Soil 297.35 12.21 307.66 29.36 622.89 48.17 630.90 65.07 0.693 0.005 0.960 

      0.0-0.2 m 40.40 1.71 48.69 4.05 122.41 15.08 131.82 12.09 0.301 0.002 0.945 

      0.2-0.4 m 52.83 0.91 62.78 7.27 122.55 10.10 116.40 7.41 0.796 0.001 0.300 

      0.4-0.6 m 65.71 0.86 68.38 3.42 124.67 13.75 132.30 11.65 0.433 0.007 0.699 

      0.6-1.0 m 138.41 11.45 127.81 15.52 253.26 12.60 250.38 42.32 0.770 0.014 0.866 

 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.16. Mass (kg ha-1) of boron (B) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 1.369 0.089 1.510 0.101 0.036 

     Foliage 0.218 0.023 0.473 0.029 <0.001 

     Branches 0.149 0.016 0.340 0.021 <0.001 

     Bark 0.082 0.010 0.197 0.015 <0.001 

     Wood 0.119 0.016 0.236 0.023 0.006 

     Tree Roots 0.137 0.035 0.130 0.023 0.879 

     Mid Foliage 0.166 0.065 0.000 0.000 0.085 

     Mid Wood 0.224 0.092 0.000 0.000 0.092 

     Understory 0.137 0.065 0.008 0.003 0.093 

     Forest Floor 0.105 0.015 0.126 0.026 0.458 

     Veg Roots 0.032 0.013 0.000 0.000 0.098 

  Total Soil 330.72 19.86 315.08 21.62 0.535 

      0.0-0.2 m 45.23 4.36 46.37 2.37 0.766 

      0.2-0.4 m 73.15 7.95 65.91 5.02 0.471 

      0.4-0.6 m 71.30 5.43 72.71 5.69 0.841 

      0.6-1.0 m 141.04 15.91 130.10 12.92 0.510 

GF Total Plant 1.094 0.089 1.581 0.145 0.052 

     Foliage 0.147 0.025 0.339 0.016 0.019 

     Branches 0.135 0.026 0.477 0.026 0.008 

     Bark 0.085 0.017 0.165 0.009 0.041 

     Wood 0.090 0.023 0.336 0.018 0.005 

     Tree Roots 0.070 0.021 0.093 0.020 0.462 

     Mid Foliage 0.060 0.029 0.000 0.000 0.174 

     Mid Wood 0.197 0.096 0.000 0.000 0.176 

     Understory 0.127 0.048 0.006 0.002 0.127 

     Forest Floor 0.142 0.054 0.165 0.081 0.823 

     Veg Roots 0.040 0.011 0.000 0.000 0.071 

  Total Soil 284.95 56.53 318.92 8.03 0.584 

      0.0-0.2 m 32.59 7.32 41.37 1.13 0.302 

      0.2-0.4 m 49.85 3.40 59.05 7.22 0.313 

      0.4-0.6 m 76.81 18.21 74.35 3.64 0.890 

      0.6-1.0 m 125.70 29.78 144.16 12.87 0.541 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.3.17. Mass (kg ha-1) of carbon (C) of tree and ecosystem components for 18-year-old Douglas-fir 

(DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue % SE % SE % SE % SE Trt Site Site x Trt 

DF Total Plant 66621 2613 79526 3816 56444 3092 74402 2188 0.001 0.060 0.374 

     Foliage 5428 237 6374 252 4304 67 6101 142 <0.001 0.003 0.045 

     Branches 10653 440 13109 850 7890 167 12005 322 <0.001 0.003 0.131 

     Bark 7553 321 9259 537 6030 98 8693 206 <0.001 0.009 0.176 

     Wood 31792 1699 39429 2114 22507 310 35810 763 <0.001 0.001 0.069 

     Tree Roots 2691 625 1567 199 1465 343 1162 223 0.057 0.123 0.225 

     Mid Foliage 0 0 0 0 320 191 0 0 0.145 0.145 0.145 

     Mid Wood 0 0 0 0 5560 3344 0 0 0.147 0.147 0.147 

     Understory 1305 365 128 67 1136 264 81 52 0.002 0.674 0.784 

     Forest Floor 7199 1548 9660 2065 7213 904 10549 1578 0.079 0.807 0.760 

     Veg Roots 0 0 0 0 18 5 0 0 0.010 0.010 0.010 

  Total Soil 155932 7429 149564 10599 126354 17133 162872 17212 0.223 0.629 0.102 

      0.0-0.2 m 56116 1728 63608 15627 56888 8887 63608 4661 0.461 0.968 0.968 

      0.2-0.4 m 41638 6549 41027 10047 38917 7525 51858 9534 0.247 0.727 0.209 

      0.4-0.6 m 37140 3396 17436 2534 13235 1848 21433 2222 0.045 0.002 0.000 

      0.6-1.0 m 21038 7883 27493 2420 17314 3356 25973 5548 0.086 0.698 0.774 

WRC Total Plant 65447 8301 46384 2401 22479 5585 36791 2771 0.627 0.006 0.015 

     Foliage 3046 1033 9457 396 2904 965 7904 523 0.001 0.353 0.399 

     Branches 2543 949 8929 650 2553 827 6434 430 <0.001 0.120 0.118 

     Bark 916 415 4547 856 1070 309 2812 184 <0.001 0.110 0.063 

     Wood 4238 1570 14806 1036 4171 1355 11277 754 <0.001 0.168 0.183 

     Tree Roots 2039 1597 3645 423 1677 74 2700 419 0.104 0.396 0.701 

     Mid Foliage 2946 786 92 92 964 601 168 168 0.004 0.084 0.065 

     Mid Wood 42093 12511 1449 1449 3110 1576 214 214 0.008 0.016 0.014 

     Understory 2401 1111 1161 518 3138 666 914 174 0.025 0.716 0.470 

     Forest Floor 3311 865 2285 1366 2806 692 4369 1240 0.791 0.534 0.236 

     Veg Roots 1914 346 14 14 84 32 0 0 0.001 0.002 0.002 

  Total Soil 174523 7798 147100 10103 164489 15059 142188 13666 0.088 0.583 0.850 

      0.0-0.2 m 67383 11774 67189 2110 68561 8887 72319 9796 0.852 0.741 0.836 

      0.2-0.4 m 56523 16962 43663 6683 43741 6930 38878 7246 0.185 0.510 0.519 

      0.4-0.6 m 32754 6841 20673 3332 27832 7693 12742 1806 0.037 0.282 0.796 

      0.6-1.0 m 17864 4676 15574 2181 24354 3124 18248 2760 0.229 0.192 0.573 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.18. Mass (kg ha-1) of carbon (C) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue % SE % SE Trt 

WH Total Plant 81671 11754 101810 7935 0.029 

     Foliage 4672 500 10862 658 <0.001 

     Branches 6752 734 15832 971 <0.001 

     Bark 3331 424 10210 757 <0.001 

     Wood 20597 2721 56245 5509 0.001 

     Tree Roots 3584 823 5119 648 0.193 

     Mid Foliage 4595 1856 0 0 0.090 

     Mid Wood 31074 12143 0 0 0.083 

     Understory 2568 921 190 73 0.078 

     Forest Floor 3566 412 3351 234 0.563 

     Veg Roots 931 454 0 0 0.133 

  Total Soil 147305 21462 162449 11440 0.394 

      0.0-0.2 m 63081 8528 71586 4213 0.385 

      0.2-0.4 m 44453 14789 41871 4567 0.873 

      0.4-0.6 m 18063 4525 29767 7326 0.224 

      0.6-1.0 m 21707 4153 19225 4094 0.685 

GF Total Plant 62473 13548 91719 6620 0.056 

     Foliage 4669 806 10329 493 0.022 

     Branches 5351 1040 12630 678 0.021 

     Bark 3033 589 7236 388 0.021 

     Wood 15617 4018 54183 2905 0.007 

     Tree Roots 1379 229 2323 219 0.041 

     Mid Foliage 1408 672 0 0 0.171 

     Mid Wood 24566 12004 0 0 0.177 

     Understory 2224 606 135 38 0.067 

     Forest Floor 3388 1169 4883 2459 0.612 

     Veg Roots 839 240 0 0 0.073 

  Total Soil 193737 29985 166781 20902 0.502 

      0.0-0.2 m 92061 19970 77568 1826 0.510 

      0.2-0.4 m 43282 1088 39658 8843 0.714 

      0.4-0.6 m 29312 2928 30902 9338 0.879 

      0.6-1.0 m 29081 9074 18653 4940 0.402 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment
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Appendix Table S.3.19. Mass (kg ha-1) of calcium (Ca) of tree and ecosystem components for 18-year-old Douglas-

fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on 

sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 463.9 30.0 459.1 33.9 437.2 14.6 505.1 34.0 0.079 0.810 0.051 

     Foliage 61.9 2.7 74.1 2.9 54.0 0.8 79.2 1.8 <0.001 0.541 0.014 

     Branches 79.3 3.3 95.1 6.2 49.1 1.0 72.7 1.9 <0.001 <0.001 0.311 

     Bark 50.7 2.2 42.8 2.5 43.0 0.7 51.4 1.2 0.884 0.797 0.001 

     Wood 57.4 3.1 29.8 1.6 21.3 0.3 26.5 0.6 <0.001 <0.001 <0.001 

     Tree Roots 30.1 2.3 15.9 1.1 41.2 7.4 22.2 3.3 0.001 0.158 0.414 

     Mid Foliage 0.0 0.0 0.0 0.0 8.3 5.0 0.0 0.0 0.145 0.145 0.145 

     Mid Wood 0.0 0.0 0.0 0.0 15.2 9.3 0.0 0.0 0.153 0.153 0.153 

     Understory 23.2 7.5 2.7 1.5 36.0 15.6 1.7 1.0 0.019 0.523 0.459 

     Forest Floor 161.3 28.7 198.7 30.0 168.6 14.1 251.3 31.5 0.059 0.328 0.413 

     Veg Roots 0.0 0.0 0.0 0.0 0.5 0.1 0.0 0.0 <0.001 <0.001 <0.001 

  Total Soil 6905 1522 6443 1203 19835 3863 19461 3007 0.826 0.007 0.981 

      0.0-0.2 m 2229 504 2011 315 4939 774 5287 405 0.897 0.002 0.580 

      0.2-0.4 m 1579 404 1957 900 4800 906 6126 538 0.166 0.005 0.415 

      0.4-0.6 m 1600 557 1070 297 3860 834 3519 681 0.369 0.021 0.840 

      0.6-1.0 m 1497 380 1405 330 6235 1994 4530 1742 0.391 0.053 0.439 

WRC Total Plant 519.3 69.3 673.7 36.2 385.4 51.5 623.4 60.6 0.007 0.139 0.482 

     Foliage 70.9 24.0 248.9 10.4 85.9 28.5 218.7 14.5 0.001 0.754 0.324 

     Branches 30.5 11.4 127.4 9.3 42.9 13.9 74.1 5.0 <0.001 0.084 0.012 

     Bark 23.3 10.6 100.1 18.8 21.3 6.1 47.1 3.1 <0.001 0.020 0.028 

     Wood 10.9 4.0 64.0 4.5 11.0 3.6 25.8 1.7 <0.001 <0.001 <0.001 

     Tree Roots 34.1 27.0 51.5 9.8 47.1 4.0 72.6 4.9 0.119 0.206 0.756 

     Mid Foliage 63.2 18.2 1.1 1.1 12.4 7.3 4.1 4.1 0.003 0.026 0.015 

     Mid Wood 108.6 32.9 2.4 2.4 6.8 3.2 0.8 0.8 0.009 0.015 0.014 

     Understory 53.6 27.0 26.9 12.1 100.8 24.2 23.3 5.4 0.022 0.284 0.215 

     Forest Floor 97.3 37.6 51.0 26.3 54.9 12.5 157.0 43.5 0.280 0.468 0.024 

     Veg Roots 26.9 5.5 0.2 0.2 2.3 0.9 0.0 0.0 0.001 0.004 0.003 

  Total Soil 7309 1027 5479 866 21106 3004 21162 4753 0.798 0.001 0.785 

      0.0-0.2 m 2152 787 2169 587 6035 1029 4711 267 0.387 0.011 0.376 

      0.2-0.4 m 1964 162 1308 341 4724 598 3836 599 0.046 0.012 0.708 

      0.4-0.6 m 1597 296 705 19 4414 333 3975 538 0.123 <0.001 0.579 

      0.6-1.0 m 1597 111 1296 130 5932 1385 8640 3953 0.638 0.040 0.557 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.20. Mass (kg ha-1) of calcium (Ca) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 480.5 41.6 554.4 38.7 0.015 

     Foliage 54.7 5.9 167.2 10.1 <0.001 

     Branches 36.4 4.0 90.6 5.6 <0.001 

     Bark 24.5 3.1 99.2 7.4 <0.001 

     Wood 36.9 4.9 77.3 7.6 0.004 

     Tree Roots 50.5 11.9 54.5 10.5 0.812 

     Mid Foliage 71.2 26.9 0.0 0.0 0.078 

     Mid Wood 75.1 30.8 0.0 0.0 0.093 

     Understory 51.3 20.2 3.5 1.5 0.099 

     Forest Floor 67.3 12.0 62.1 8.3 0.724 

     Veg Roots 12.4 5.2 0.0 0.0 0.099 

  Total Soil 5056 916 5051 602 0.996 

      0.0-0.2 m 1464 337 1583 302 0.801 

      0.2-0.4 m 1293 560 1251 242 0.947 

      0.4-0.6 m 1224 381 930 128 0.493 

      0.6-1.0 m 1076 84 1287 145 0.221 

GF Total Plant 590.2 45.4 810.0 131.7 0.190 

     Foliage 120.2 20.7 245.7 11.7 0.028 

     Branches 50.2 9.8 128.5 6.9 0.017 

     Bark 56.3 10.9 87.2 4.7 0.102 

     Wood 30.4 7.8 93.3 5.0 0.009 

     Tree Roots 26.7 5.4 34.1 3.2 0.306 

     Mid Foliage 36.6 17.5 0.0 0.0 0.171 

     Mid Wood 67.7 33.0 0.0 0.0 0.177 

     Understory 36.3 14.3 3.1 1.0 0.133 

     Forest Floor 149.4 61.8 218.2 101.7 0.594 

     Veg Roots 16.4 5.2 0.0 0.0 0.088 

  Total Soil 9896 1921 7642 951 0.155 

      0.0-0.2 m 2604 432 2658 400 0.931 

      0.2-0.4 m 1924 403 1692 605 0.753 

      0.4-0.6 m 2112 607 1137 280 0.152 

      0.6-1.0 m 3256 1336 2156 565 0.300 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment
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Appendix Table S.3.21. Mass (kg ha-1) of copper (Cu) of tree and ecosystem components for 18-year-old Douglas-

fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on 

sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 0.366 0.017 0.360 0.026 0.383 0.018 0.466 0.022 0.022 0.064 0.012 

     Foliage 0.031 0.001 0.036 0.001 0.027 0.000 0.039 0.001 <0.001 0.597 0.006 

     Branches 0.092 0.004 0.102 0.007 0.056 0.001 0.086 0.002 <0.001 <0.001 0.022 

     Bark 0.049 0.002 0.067 0.004 0.045 0.001 0.070 0.002 <0.001 0.769 0.165 

     Wood 0.065 0.003 0.055 0.003 0.076 0.001 0.147 0.003 <0.001 <0.001 <0.001 

     Tree Roots 0.046 0.009 0.025 0.004 0.038 0.006 0.022 0.004 0.004 0.510 0.538 

     Mid Foliage 0.000 0.000 0.000 0.000 0.004 0.002 0.000 0.000 0.127 0.127 0.127 

     Mid Wood 0.000 0.000 0.000 0.000 0.027 0.016 0.000 0.000 0.142 0.142 0.142 

     Understory 0.025 0.011 0.003 0.002 0.016 0.004 0.001 0.001 0.011 0.389 0.534 

     Forest Floor 0.058 0.012 0.073 0.015 0.094 0.012 0.101 0.014 0.352 0.076 0.726 

     Veg Roots 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 <0.001 <0.001 <0.001 

  Total Soil 191.6 15.7 204.1 25.9 274.6 25.8 366.5 31.0 0.014 0.009 0.040 

      0.0-0.2 m 31.7 2.1 35.5 4.8 45.4 5.9 52.5 4.6 0.172 0.030 0.659 

      0.2-0.4 m 35.1 4.1 38.0 3.9 55.8 6.7 72.0 6.3 0.013 0.008 0.051 

      0.4-0.6 m 40.1 4.3 43.3 6.0 67.6 10.2 76.6 10.1 0.309 0.023 0.612 

      0.6-1.0 m 84.6 6.8 87.3 11.9 105.9 9.9 165.5 13.5 0.002 0.012 0.003 

WRC Total Plant 0.423 0.053 0.287 0.014 0.217 0.027 0.271 0.019 0.181 0.022 0.015 

     Foliage 0.023 0.008 0.061 0.003 0.027 0.009 0.059 0.004 0.003 0.890 0.691 

     Branches 0.017 0.006 0.061 0.004 0.011 0.004 0.028 0.002 <0.001 0.001 0.007 

     Bark 0.006 0.003 0.028 0.005 0.008 0.002 0.021 0.001 <0.001 0.393 0.142 

     Wood 0.011 0.004 0.034 0.002 0.013 0.004 0.027 0.002 <0.001 0.503 0.228 

     Tree Roots 0.027 0.018 0.059 0.018 0.058 0.004 0.075 0.007 0.050 0.145 0.449 

     Mid Foliage 0.035 0.010 0.002 0.002 0.006 0.004 0.001 0.001 0.010 0.037 0.029 

     Mid Wood 0.200 0.054 0.006 0.006 0.013 0.007 0.001 0.001 0.005 0.011 0.009 

     Understory 0.026 0.009 0.018 0.009 0.051 0.015 0.015 0.002 0.055 0.325 0.198 

     Forest Floor 0.045 0.015 0.017 0.010 0.025 0.007 0.044 0.023 0.791 0.819 0.176 

     Veg Roots 0.031 0.010 0.000 0.000 0.003 0.001 0.000 0.000 0.008 0.019 0.017 

  Total Soil 199.1 3.9 224.6 12.2 342.8 19.5 324.0 17.1 0.841 <0.001 0.203 

      0.0-0.2 m 32.1 2.2 37.3 1.0 52.7 2.8 56.4 4.9 0.238 <0.001 0.838 

      0.2-0.4 m 41.2 1.9 44.2 1.9 60.2 4.4 63.4 4.5 0.445 0.001 0.989 

      0.4-0.6 m 42.6 1.5 46.9 3.4 76.8 6.5 75.6 3.2 0.746 <0.001 0.562 

      0.6-1.0 m 83.2 0.4 96.2 8.7 153.0 12.8 128.6 20.7 0.711 0.006 0.236 

 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.22. Mass (kg ha-1) of copper (Cu) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 0.524 0.057 0.591 0.041 0.035 

     Foliage 0.031 0.003 0.077 0.005 <0.001 

     Branches 0.073 0.008 0.154 0.009 0.001 

     Bark 0.030 0.004 0.070 0.005 0.001 

     Wood 0.059 0.008 0.197 0.019 0.001 

     Tree Roots 0.049 0.007 0.062 0.010 0.360 

     Mid Foliage 0.037 0.013 0.000 0.000 0.069 

     Mid Wood 0.150 0.061 0.000 0.000 0.092 

     Understory 0.039 0.016 0.001 0.001 0.055 

     Forest Floor 0.041 0.010 0.029 0.007 0.391 

     Veg Roots 0.015 0.007 0.000 0.000 0.112 

  Total Soil 192.6 15.2 202.5 16.9 0.504 

      0.0-0.2 m 31.6 2.5 31.1 2.8 0.837 

      0.2-0.4 m 41.1 2.6 40.1 4.8 0.809 

      0.4-0.6 m 40.0 3.5 45.4 3.4 0.268 

      0.6-1.0 m 79.9 8.0 86.0 7.1 0.268 

GF Total Plant 0.401 0.072 0.638 0.038 0.031 

     Foliage 0.035 0.006 0.076 0.004 0.022 

     Branches 0.050 0.010 0.232 0.012 0.006 

     Bark 0.032 0.006 0.052 0.003 0.078 

     Wood 0.049 0.013 0.196 0.011 0.005 

     Tree Roots 0.026 0.006 0.041 0.011 0.310 

     Mid Foliage 0.018 0.009 0.000 0.000 0.172 

     Mid Wood 0.116 0.057 0.000 0.000 0.178 

     Understory 0.026 0.004 0.002 0.001 0.017 

     Forest Floor 0.034 0.010 0.040 0.017 0.787 

     Veg Roots 0.015 0.003 0.000 0.000 0.044 

  Total Soil 212.2 6.5 221.3 3.4 0.124 

      0.0-0.2 m 27.2 2.3 31.9 2.1 0.217 

      0.2-0.4 m 39.7 1.0 37.3 0.6 0.107 

      0.4-0.6 m 48.4 3.1 48.9 0.3 0.883 

      0.6-1.0 m 97.0 9.9 103.2 1.2 0.568 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.3.23. Mass (kg ha-1) of Fe of tree and ecosystem components for 18-year-old Douglas-fir (DF) 

and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 45.346 2.027 42.428 2.978 39.351 4.777 44.703 5.97 0.778 0.668 0.347 

     Foliage 0.445 0.019 0.640 0.025 0.455 0.007 0.850 0.02 <0.001 <0.001 <0.001 

     Branches 0.742 0.031 0.878 0.057 0.320 0.007 1.057 0.03 <0.001 0.005 <0.001 

     Bark 0.515 0.022 0.625 0.036 0.662 0.011 1.060 0.03 <0.001 <0.001 <0.001 

     Wood 1.043 0.056 1.005 0.054 1.164 0.016 1.930 0.04 <0.001 <0.001 <0.001 

     Tree Roots 11.111 2.208 7.013 1.372 10.804 1.359 7.252 1.09 <0.001 0.988 0.581 

     Mid Foliage 0.000 0.000 0.000 0.000 0.111 0.068 0.000 0.00 0.157 0.157 0.157 

     Mid Wood 0.000 0.000 0.000 0.000 1.147 0.657 0.000 0.00 0.131 0.131 0.131 

     Understory 2.254 1.167 0.367 0.187 3.811 3.311 0.107 0.09 0.150 0.734 0.611 

     Forest Floor 29.236 3.170 31.899 2.439 20.740 2.440 32.446 5.07 0.060 0.272 0.215 

     Veg Roots 0.000 0.000 0.000 0.000 0.138 0.027 0.000 0.00 0.002 0.002 0.002 

  Total Soil 150073 5082 161559 15321 203747 13008 207794 9115 0.466 0.007 0.722 

      0.0-0.2 m 26633 1373 28482 1794 33793 2205 35568 1719 0.248 0.015 0.980 

      0.2-0.4 m 28926 1155 32790 2697 36514 1520 42316 1955 0.044 0.005 0.629 

      0.4-0.6 m 31674 1306 32913 3891 44483 2895 42324 2614 0.874 0.002 0.560 

      0.6-1.0 m 62840 3151 67375 7249 88957 8039 87587 3714 0.775 0.012 0.596 

WRC Total Plant 35.074 8.506 31.568 6.457 33.102 5.334 39.411 3.0 0.260 0.260 0.259 

     Foliage 0.348 0.118 0.970 0.041 0.645 0.214 1.549 0.1 0.003 0.043 0.349 

     Branches 0.191 0.071 0.950 0.069 0.360 0.117 0.255 0.0 0.002 0.009 <0.001 

     Bark 0.079 0.036 0.553 0.104 0.154 0.045 0.336 0.0 <0.001 0.224 0.023 

     Wood 0.154 0.057 1.421 0.099 0.162 0.053 0.537 0.0 <0.001 <0.001 <0.001 

     Tree Roots 5.148 3.098 16.042 5.923 13.179 2.055 22.850 4.5 0.030 0.098 0.883 

     Mid Foliage 0.782 0.255 0.012 0.012 0.113 0.063 0.025 0.0 0.004 0.017 0.014 

     Mid Wood 8.723 2.537 0.370 0.370 0.300 0.125 0.014 0.0 0.007 0.013 0.009 

     Understory 4.077 1.794 5.130 2.765 11.874 6.385 0.862 0.2 0.244 0.670 0.165 

     Forest Floor 9.084 3.671 6.034 3.075 5.738 1.763 12.982 4.8 0.532 0.674 0.160 

     Veg Roots 6.487 2.866 0.088 0.088 0.576 0.182 0.000 0.0 0.031 0.060 0.055 

  Total Soil 150330 5140 157441 9280 207275 10015 209744 4039 0.552 <0.001 0.772 

      0.0-0.2 m 23790 950 27919 1813 37093 3065 39445 1696 0.179 <0.001 0.700 

      0.2-0.4 m 29725 264 31938 1164 36656 2248 39241 2568 0.276 0.007 0.930 

      0.4-0.6 m 30587 46 33216 1613 44136 2194 44336 1904 0.461 <0.001 0.526 

      0.6-1.0 m 66229 4245 64369 5246 89390 4586 86722 3300 0.616 <0.001 0.928 

 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.24. Mass (kg ha-1) of Fe of tree and ecosystem components for 18-year-old western hemlock 

(WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites located in 

the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The P-value 

shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 38.933 2.642 33.675 3.276 0.163 

     Foliage 0.403 0.043 1.494 0.090 <0.001 

     Branches 0.376 0.041 1.144 0.070 <0.001 

     Bark 0.271 0.034 1.220 0.090 <0.001 

     Wood 1.130 0.149 1.595 0.156 0.075 

     Tree Roots 15.211 4.318 18.539 3.822 0.585 

     Mid Foliage 0.757 0.282 0.000 0.000 0.075 

     Mid Wood 5.382 2.207 0.000 0.000 0.093 

     Understory 3.531 1.648 0.545 0.232 0.123 

     Forest Floor 7.791 1.997 9.137 3.677 0.714 

     Veg Roots 4.082 1.661 0.000 0.000 0.091 

  Total Soil 166737 8466 163495 6981 0.710 

      0.0-0.2 m 26717 1759 26586 1213 0.944 

      0.2-0.4 m 34988 1307 32744 2432 0.448 

      0.4-0.6 m 34150 2727 34456 1817 0.897 

      0.6-1.0 m 70881 5242 69708 3292 0.794 

GF Total Plant 33.872 2.134 33.147 5.395 0.894 

     Foliage 0.722 0.125 1.472 0.070 0.028 

     Branches 0.492 0.096 0.930 0.050 0.044 

     Bark 0.651 0.127 1.505 0.081 0.023 

     Wood 0.403 0.104 3.031 0.163 0.002 

     Tree Roots 6.542 0.062 12.625 2.457 0.069 

     Mid Foliage 0.497 0.237 0.000 0.000 0.170 

     Mid Wood 4.912 2.412 0.000 0.000 0.179 

     Understory 3.220 2.623 0.520 0.171 0.389 

     Forest Floor 11.724 2.187 13.064 5.456 0.831 

     Veg Roots 4.709 2.246 0.000 0.000 0.171 

  Total Soil 158991 19919 172074 1283 0.548 

      0.0-0.2 m 22282 3158 27109 1280 0.292 

      0.2-0.4 m 29419 1802 30560 1676 0.667 

      0.4-0.6 m 35988 4784 36546 872 0.908 

      0.6-1.0 m 71303 10270 77858 631 0.559 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.3.25. Mass (kg ha-1) of potassium (K) of tree and ecosystem components for 18-year-old 

Douglas-fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation 

management on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is 

the standard error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 264.17 25.69 245.63 7.80 260.17 20.55 241.28 10.13 0.298 0.831 0.992 

     Foliage 63.98 2.79 57.69 2.28 64.59 1.01 80.77 1.88 0.036 <0.001 <0.001 

     Branches 52.91 2.18 63.29 4.10 44.66 0.95 54.72 1.47 0.001 0.005 0.949 

     Bark 35.95 1.53 53.16 3.08 24.26 0.39 30.63 0.73 <0.001 <0.001 <0.001 

     Wood 19.97 1.07 24.87 1.33 14.14 0.19 22.37 0.48 <0.001 0.001 0.087 

     Tree Roots 16.51 2.23 11.25 4.12 5.56 1.16 3.39 0.99 0.046 0.024 0.338 

     Mid Foliage 0.00 0.00 0.00 0.00 11.10 6.50 0.00 0.00 0.138 0.138 0.138 

     Mid Wood 0.00 0.00 0.00 0.00 3.70 2.24 0.00 0.00 0.150 0.150 0.150 

     Understory 42.49 21.36 4.82 3.74 48.38 16.12 4.16 3.44 0.022 0.857 0.815 

     Forest Floor 32.36 1.81 30.56 3.93 43.71 7.03 45.24 6.09 0.972 0.084 0.660 

     Veg Roots 0.00 0.00 0.00 0.00 0.07 0.01 0.00 0.00 <0.001 <0.001 <0.001 

  Total Soil 12862 840 13086 1673 5264 387 5455 559 0.795 0.001 0.983 

      0.0-0.2 m 2456 107 2578 366 1253 120 1241 127 0.705 0.003 0.648 

      0.2-0.4 m 2373 273 2419 418 1145 152 1130 104 0.954 0.001 0.910 

      0.4-0.6 m 2575 263 2668 353 982 79 1068 130 0.589 0.002 0.982 

      0.6-1.0 m 5458 280 5421 721 1884 132 2016 273 0.896 <0.001 0.817 

WRC Total Plant 232.77 10.06 165.55 24.37 166.48 28.03 180.57 12.04 0.195 0.336 0.071 

     Foliage 21.08 7.15 67.99 2.84 21.24 7.06 78.07 5.17 <0.001 0.465 0.423 

     Branches 7.20 2.69 22.14 1.61 10.60 3.43 21.82 1.46 0.004 0.581 0.495 

     Bark 3.06 1.39 13.01 2.45 3.33 0.96 10.12 0.66 <0.001 0.358 0.275 

     Wood 2.61 0.97 9.16 0.64 2.66 0.87 7.22 0.48 <0.001 0.243 0.221 

     Tree Roots 10.66 7.92 15.78 1.98 7.60 0.87 8.84 1.18 0.387 0.186 0.594 

     Mid Foliage 82.88 24.45 2.10 2.10 12.92 7.45 1.75 1.75 0.009 0.027 0.025 

     Mid Wood 28.01 8.13 0.82 0.82 2.64 1.41 0.20 0.20 0.007 0.016 0.015 

     Understory 35.44 12.93 26.67 19.44 92.47 31.96 29.94 1.99 0.125 0.188 0.236 

     Forest Floor 31.78 7.05 7.82 3.72 12.65 5.36 22.60 17.50 0.551 0.852 0.165 

     Veg Roots 10.04 2.31 0.06 0.06 0.39 0.14 0.00 0.00 0.003 0.005 0.004 

  Total Soil 12457 1000 14245 1616 6779 1104 5967 643 0.569 0.003 0.166 

      0.0-0.2 m 2245 210 2603 292 1850 326 1401 43 0.858 0.009 0.132 

      0.2-0.4 m 2453 106 2688 243 1171 205 1263 104 0.216 0.002 0.562 

      0.4-0.6 m 2398 42 2688 228 1198 206 1293 158 0.308 0.001 0.591 

      0.6-1.0 m 5361 1129 6266 1041 2561 607 2010 358 0.795 0.010 0.310 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site



169 

 

Appendix Table S.3.26. Mass (kg ha-1) of potassium (K) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 329.09 29.38 289.38 19.65 0.275 

     Foliage 58.89 6.31 105.17 6.37 0.002 

     Branches 22.70 2.47 57.75 3.54 <0.001 

     Bark 23.55 3.00 52.34 3.88 0.001 

     Wood 12.97 1.71 35.26 3.45 0.001 

     Tree Roots 19.44 5.32 22.51 6.85 0.717 

     Mid Foliage 81.91 30.19 0.00 0.00 0.073 

     Mid Wood 22.49 8.72 0.00 0.00 0.082 

     Understory 62.89 35.42 4.57 2.21 0.152 

     Forest Floor 19.31 6.56 11.80 1.12 0.302 

     Veg Roots 4.95 2.45 0.00 0.00 0.137 

  Total Soil 10406 799 11016 706 0.588 

      0.0-0.2 m 2080 279 1853 125 0.463 

      0.2-0.4 m 2340 227 2183 176 0.605 

      0.4-0.6 m 2097 120 2308 202 0.403 

      0.6-1.0 m 3889 348 4672 481 0.235 

GF Total Plant 256.56 48.49 354.42 24.67 0.058 

     Foliage 41.50 7.16 124.45 5.95 0.010 

     Branches 31.71 6.16 128.66 6.90 0.007 

     Bark 24.06 4.67 37.19 2.00 0.103 

     Wood 9.91 2.55 34.27 1.84 0.007 

     Tree Roots 6.44 1.23 12.09 0.45 0.013 

     Mid Foliage 48.15 23.01 0.00 0.00 0.172 

     Mid Wood 16.40 8.01 0.00 0.00 0.177 

     Understory 59.97 17.62 2.08 0.56 0.078 

     Forest Floor 14.00 3.71 15.68 8.12 0.860 

     Veg Roots 4.43 2.04 0.00 0.00 0.162 

  Total Soil 13803 1408 14804 1828 0.687 

      0.0-0.2 m 2491 469 2484 347 0.992 

      0.2-0.4 m 2488 292 2365 62 0.700 

      0.4-0.6 m 2719 206 2967 334 0.561 

      0.6-1.0 m 6105 939 6987 1152 0.585 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment



170 

 

Appendix Table S.3.27. Mass (kg ha-1) of magnesium (Mg) of tree and ecosystem components for 18-year-old 

Douglas-fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation 

management on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is 

the standard error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 80.036 3.906 71.016 4.951 63.762 5.269 60.128 4.554 0.026 0.074 0.256 

     Foliage 11.876 0.518 12.893 0.510 6.835 0.107 12.754 0.297 <0.001 <0.001 <0.001 

     Branches 11.791 0.487 10.910 0.708 5.345 0.113 8.828 0.237 0.013 <0.001 <0.001 

     Bark 7.160 0.304 7.188 0.417 3.463 0.056 5.519 0.131 0.002 <0.001 0.003 

     Wood 7.020 0.375 8.028 0.430 4.468 0.062 5.571 0.119 0.004 <0.001 0.874 

     Tree Roots 6.876 1.252 3.644 0.583 3.876 0.584 2.281 0.399 0.001 0.076 0.088 

     Mid Foliage 0.000 0.000 0.000 0.000 2.818 1.731 0.000 0.000 0.155 0.155 0.155 

     Mid Wood 0.000 0.000 0.000 0.000 3.588 1.986 0.000 0.000 0.121 0.121 0.121 

     Understory 8.279 2.391 0.913 0.567 7.827 2.045 0.501 0.290 0.002 0.812 0.990 

     Forest Floor 27.033 3.575 27.441 4.968 25.494 3.699 24.674 3.980 0.957 0.648 0.872 

     Veg Roots 0.000 0.000 0.000 0.000 0.048 0.008 0.000 0.000 0.001 0.001 0.001 

  Total Soil 23378 1103 24620 1522 11145 706 12066 1769 0.381 <0.001 0.893 

      0.0-0.2 m 4230 83 4358 246 1914 137 2205 187 0.245 <0.001 0.635 

      0.2-0.4 m 4410 274 4918 365 2130 174 2795 243 0.052 <0.001 0.779 

      0.4-0.6 m 4799 282 5095 418 2361 183 2444 385 0.439 0.001 0.660 

      0.6-1.0 m 9940 621 10249 782 4740 510 4621 999 0.894 0.001 0.765 

WRC Total Plant 100.596 8.204 67.493 7.248 48.072 8.762 50.405 5.531 0.037 0.014 0.022 

     Foliage 8.620 2.923 21.312 0.892 5.469 1.817 13.451 0.890 <0.001 0.010 0.209 

     Branches 1.987 0.741 7.668 0.558 2.166 0.701 3.899 0.261 <0.001 0.012 0.007 

     Bark 1.216 0.551 4.594 0.865 1.114 0.322 2.745 0.180 <0.001 0.070 0.100 

     Wood 1.471 0.545 6.497 0.455 1.440 0.467 3.557 0.238 <0.001 0.006 0.007 

     Tree Roots 6.335 5.129 11.737 2.344 4.948 0.441 7.515 0.639 0.128 0.270 0.569 

     Mid Foliage 19.919 6.589 0.492 0.492 2.217 1.191 0.449 0.449 0.013 0.029 0.026 

     Mid Wood 26.693 6.410 0.705 0.705 1.295 0.601 0.098 0.098 0.003 0.006 0.005 

     Understory 10.304 3.857 8.713 5.323 22.584 10.428 6.863 1.396 0.232 0.461 0.324 

     Forest Floor 19.176 4.850 5.724 2.897 6.589 1.911 11.828 6.942 0.419 0.521 0.084 

     Veg Roots 4.873 0.649 0.052 0.052 0.250 0.095 0.000 0.000 <0.001 0.001 <0.001 

  Total Soil 20360 59 24900 1303 11806 1450 13150 1517 0.055 <0.001 0.266 

      0.0-0.2 m 3693 367 4432 206 2225 223 2224 24 0.125 <0.001 0.125 

      0.2-0.4 m 4276 9 5076 328 2239 253 2386 162 0.061 <0.001 0.177 

      0.4-0.6 m 4318 71 5088 230 2597 293 2799 317 0.108 <0.001 0.326 

      0.6-1.0 m 8073 461 10305 802 4744 761 5740 1055 0.091 0.001 0.490 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.28. Mass (kg ha-1) of magnesium (Mg) of tree and ecosystem components for 18-year-old 

western hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management 

on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 112.967 11.345 80.196 6.120 0.045 

     Foliage 12.315 1.319 21.382 1.295 0.003 

     Branches 5.101 0.555 10.609 0.651 0.001 

     Bark 3.569 0.454 7.882 0.584 0.001 

     Wood 7.272 0.961 15.174 1.486 0.004 

     Tree Roots 11.342 2.824 13.228 2.670 0.645 

     Mid Foliage 17.132 6.419 0.000 0.000 0.076 

     Mid Wood 17.307 7.168 0.000 0.000 0.095 

     Understory 21.426 10.233 1.146 0.528 0.095 

     Forest Floor 14.828 2.827 10.775 3.064 0.369 

     Veg Roots 2.676 1.088 0.000 0.000 0.091 

  Total Soil 19369 1410 21577 1257 0.284 

      0.0-0.2 m 3460 267 3517 108 0.840 

      0.2-0.4 m 4283 191 4383 435 0.839 

      0.4-0.6 m 4284 294 4473 360 0.698 

      0.6-1.0 m 7342 952 9204 682 0.207 

GF Total Plant 90.516 10.399 93.593 11.013 0.443 

     Foliage 13.131 2.266 26.245 1.254 0.030 

     Branches 4.798 0.932 17.950 0.963 0.008 

     Bark 4.007 0.778 7.493 0.402 0.046 

     Wood 5.266 1.355 17.812 0.955 0.007 

     Tree Roots 5.402 0.743 8.650 0.662 0.031 

     Mid Foliage 12.626 6.010 0.000 0.000 0.171 

     Mid Wood 14.978 7.390 0.000 0.000 0.180 

     Understory 14.914 3.001 0.668 0.181 0.039 

     Forest Floor 11.959 3.298 14.775 7.294 0.743 

     Veg Roots 3.435 1.187 0.000 0.000 0.102 

  Total Soil 25729 2444 26207 345 0.856 

      0.0-0.2 m 3648 465 4346 400 0.319 

      0.2-0.4 m 5098 209 4621 157 0.128 

      0.4-0.6 m 5563 594 5706 66 0.823 

      0.6-1.0 m 11420 1542 11534 201 0.945 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment
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Appendix Table S.3.29. Mass (kg ha-1) of manganese (Mn) of tree and ecosystem components for 18-year-old 

Douglas-fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation 

management on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is 

the standard error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 21.384 1.902 25.342 3.454 28.980 2.242 36.895 2.661 0.060 0.012 0.471 

     Foliage 2.996 0.131 4.464 0.177 3.725 0.058 5.275 0.123 <0.001 <0.001 0.755 

     Branches 2.919 0.120 2.936 0.190 2.040 0.043 3.061 0.082 0.001 0.009 0.001 

     Bark 1.534 0.065 1.709 0.099 2.324 0.038 2.433 0.058 0.061 <0.001 0.636 

     Wood 0.768 0.041 1.177 0.063 1.572 0.022 1.723 0.037 <0.001 <0.001 0.011 

     Tree Roots 1.434 0.280 1.053 0.175 3.525 0.308 2.164 0.268 0.001 0.003 0.015 

     Mid Foliage 0.000 0.000 0.000 0.000 0.124 0.043 0.000 0.000 0.030 0.030 0.030 

     Mid Wood 0.000 0.000 0.000 0.000 0.107 0.035 0.000 0.000 0.022 0.022 0.022 

     Understory 3.217 2.360 0.244 0.174 1.936 0.643 0.100 0.055 0.080 0.605 0.636 

     Forest Floor 8.516 0.889 13.758 3.410 13.582 2.401 22.140 2.160 0.023 0.036 0.494 

     Veg Roots 0.000 0.000 0.000 0.000 0.047 0.010 0.000 0.000 0.004 0.004 0.004 

  Total Soil 4742 773 5512 1113 12371 2948 16058 2520 0.299 0.001 0.491 

      0.0-0.2 m 1617 288 1639 349 4295 529 4615 771 0.743 0.002 0.774 

      0.2-0.4 m 1282 236 1370 325 3330 631 5187 1339 0.249 0.009 0.290 

      0.4-0.6 m 1131 226 1139 265 1365 337 2998 651 0.054 0.063 0.056 

      0.6-1.0 m 712 95 1365 379 3381 1789 3258 636 0.790 0.037 0.696 

WRC Total Plant 9.945 2.483 10.991 1.459 16.592 2.020 20.864 1.223 0.185 0.008 0.394 

     Foliage 1.000 0.339 3.242 0.136 1.205 0.400 2.927 0.194 0.001 0.870 0.408 

     Branches 0.205 0.077 0.872 0.064 0.304 0.098 0.490 0.033 <0.001 0.085 0.009 

     Bark 0.121 0.055 0.528 0.099 0.148 0.043 0.347 0.023 <0.001 0.194 0.092 

     Wood 0.100 0.037 0.156 0.011 0.080 0.026 0.179 0.012 0.008 0.959 0.379 

     Tree Roots 1.152 0.806 3.812 1.392 5.015 0.672 9.205 1.599 0.019 0.004 0.547 

     Mid Foliage 1.525 0.408 0.044 0.044 0.704 0.455 0.189 0.189 0.015 0.341 0.184 

     Mid Wood 1.135 0.274 0.048 0.048 0.226 0.143 0.030 0.030 0.005 0.030 0.022 

     Understory 1.156 0.506 1.140 0.569 5.182 1.224 1.478 0.349 0.042 0.066 0.043 

     Forest Floor 2.400 1.116 1.127 0.737 3.516 1.223 6.018 2.221 0.709 0.090 0.266 

     Veg Roots 1.149 0.404 0.021 0.021 0.213 0.065 0.000 0.000 0.010 0.046 0.039 

  Total Soil 7481 609 8020 1814 19133 3118 18580 2057 0.997 0.012 0.758 

      0.0-0.2 m 1742 176 2376 412 5965 1194 7069 474 0.261 0.004 0.746 

      0.2-0.4 m 2321 26 2267 377 5074 1068 5590 589 0.745 0.013 0.690 

      0.4-0.6 m 1891 275 1669 392 4297 789 2919 872 0.295 0.030 0.443 

      0.6-1.0 m 1528 420 1708 653 3797 727 3002 489 0.622 0.038 0.443 

 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.30. Mass (kg ha-1) of manganese (Mn) of tree and ecosystem components for 18-year-old 

western hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management 

on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 29.954 1.734 62.025 5.210 0.006 

     Foliage 7.584 0.812 23.598 1.429 <0.001 

     Branches 2.734 0.297 8.467 0.519 <0.001 

     Bark 1.768 0.225 6.475 0.480 <0.001 

     Wood 2.217 0.293 10.984 1.076 <0.001 

     Tree Roots 2.559 0.548 3.129 0.562 0.496 

     Mid Foliage 2.745 1.301 0.000 0.000 0.126 

     Mid Wood 1.108 0.519 0.000 0.000 0.123 

     Understory 3.496 1.506 0.212 0.077 0.117 

     Forest Floor 5.022 1.052 9.160 1.663 0.051 

     Veg Roots 0.721 0.294 0.000 0.000 0.092 

  Total Soil 5843 1051 5063 451 0.521 

      0.0-0.2 m 1426 219 1418 92 0.965 

      0.2-0.4 m 1489 344 1498 203 0.982 

      0.4-0.6 m 1262 196 1175 236 0.787 

      0.6-1.0 m 1666 483 972 143 0.218 

GF Total Plant 21.222 2.812 35.358 6.109 0.103 

     Foliage 5.310 0.916 11.573 0.553 0.023 

     Branches 1.389 0.270 4.167 0.224 0.012 

     Bark 1.624 0.316 3.684 0.198 0.024 

     Wood 1.283 0.330 3.634 0.195 0.012 

     Tree Roots 1.235 0.022 2.320 0.187 0.024 

     Mid Foliage 0.226 0.127 0.000 0.000 0.217 

     Mid Wood 0.292 0.158 0.000 0.000 0.205 

     Understory 3.359 2.363 0.129 0.038 0.301 

     Forest Floor 5.627 1.948 9.852 5.046 0.479 

     Veg Roots 0.877 0.402 0.000 0.000 0.161 

  Total Soil 6400 1517 8119 1613 0.481 

      0.0-0.2 m 1500 213 2527 73 0.010 

      0.2-0.4 m 1814 154 1939 510 0.827 

      0.4-0.6 m 1417 403 2021 507 0.404 

      0.6-1.0 m 1669 807 1632 538 0.972 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.3.31. Mass (kg ha-1) of nitrogen (N) of tree and ecosystem components for 18-year-old Douglas-

fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on 

sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 604.66 62.08 687.20 76.06 517.66 34.07 596.37 43.17 0.076 0.252 0.961 

     Foliage 129.56 5.65 174.39 6.90 106.05 1.66 155.01 3.61 <0.001 0.001 0.681 

     Branches 75.65 3.12 86.54 5.61 37.25 0.79 56.78 1.52 0.001 <0.001 0.218 

     Bark 52.88 2.25 58.80 3.41 30.98 0.50 47.20 1.12 <0.001 <0.001 0.033 

     Wood 28.29 1.51 34.40 1.84 63.03 0.87 68.03 1.45 0.003 <0.001 0.711 

     Tree Roots 52.91 8.32 30.59 2.61 34.32 5.21 22.55 3.68 0.012 0.066 0.315 

     Mid Foliage 0.00 0.00 0.00 0.00 23.00 14.17 0.00 0.00 0.156 0.156 0.156 

     Mid Wood 0.00 0.00 0.00 0.00 15.29 7.79 0.00 0.00 0.097 0.097 0.097 

     Understory 41.86 12.23 4.10 2.14 39.01 12.41 3.04 1.92 0.005 0.837 0.921 

     Forest Floor 223.52 64.40 298.38 72.28 168.29 22.35 243.75 36.61 0.181 0.365 0.995 

     Veg Roots 0.00 0.00 0.00 0.00 0.43 0.08 0.00 0.00 0.002 0.002 0.002 

  Total Soil 9507 640 8859 935 8924 1004 10752 700 0.473 0.491 0.159 

      0.0-0.2 m 3545 220 3798 820 3508 515 3482 236 0.827 0.736 0.789 

      0.2-0.4 m 2377 253 1882 168 2494 403 3379 511 0.513 0.105 0.050 

      0.4-0.6 m 2131 308 1100 150 1375 115 1796 134 0.109 0.896 0.004 

      0.6-1.0 m 1454 133 2079 263 1547 197 2095 392 0.008 0.879 0.807 

WRC Total Plant 651.29 104.06 487.51 18.78 332.49 51.96 412.87 26.18 0.436 0.025 0.056 

     Foliage 61.12 20.72 223.65 9.36 61.61 20.47 122.53 8.11 0.001 0.028 0.024 

     Branches 14.18 5.29 50.40 3.67 12.38 4.01 17.59 1.18 <0.001 0.001 0.002 

     Bark 4.43 2.01 20.52 3.86 6.91 2.00 17.36 1.14 <0.001 0.883 0.243 

     Wood 9.94 3.68 29.45 2.06 34.63 11.25 84.22 5.63 0.004 0.005 0.080 

     Tree Roots 29.07 20.66 69.09 13.09 38.20 1.17 61.30 8.23 0.021 0.961 0.415 

     Mid Foliage 173.77 56.23 5.70 5.70 26.59 15.24 3.82 3.82 0.012 0.035 0.033 

     Mid Wood 149.94 61.54 15.06 15.06 9.46 5.02 0.58 0.58 0.017 0.059 0.027 

     Understory 70.53 26.58 39.48 17.86 98.42 40.39 30.43 4.43 0.102 0.739 0.517 

     Forest Floor 103.93 32.20 33.90 17.50 42.49 10.88 75.05 30.92 0.464 0.710 0.082 

     Veg Roots 34.39 9.10 0.27 0.27 1.80 0.62 0.00 0.00 0.005 0.008 0.008 

  Total Soil 10548 188 8731 559 10921 1276 9026 501 0.079 0.711 0.965 

      0.0-0.2 m 3830 513 3239 276 3434 454 3640 204 0.625 0.994 0.322 

      0.2-0.4 m 2829 576 2495 219 2766 511 2380 349 0.252 0.882 0.929 

      0.4-0.6 m 2055 381 1389 216 2127 550 1270 69 0.070 0.952 0.804 

      0.6-1.0 m 1835 314 1607 70 2593 435 1736 295 0.121 0.296 0.329 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.32. Mass (kg ha-1) of nitrogen (N) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 735.25 70.72 596.41 38.64 0.032 

     Foliage 101.07 10.83 220.21 13.34 <0.001 

     Branches 39.09 4.25 86.21 5.29 <0.001 

     Bark 20.01 2.54 72.31 5.36 <0.001 

     Wood 32.98 4.36 80.51 7.89 0.002 

     Tree Roots 61.27 16.98 75.00 12.21 0.536 

     Mid Foliage 173.75 63.08 0.00 0.00 0.071 

     Mid Wood 97.78 30.56 0.00 0.00 0.049 

     Understory 96.32 39.09 6.11 2.48 0.061 

     Forest Floor 98.06 10.49 56.06 5.55 0.024 

     Veg Roots 14.93 5.73 0.00 0.00 0.080 

  Total Soil 8250 711 9071 754 0.021 

      0.0-0.2 m 2673 334 2930 276 0.444 

      0.2-0.4 m 2378 599 2476 264 0.886 

      0.4-0.6 m 1353 233 1982 414 0.213 

      0.6-1.0 m 1846 188 1683 193 0.570 

GF Total Plant 579.12 53.80 684.17 82.08 0.107 

     Foliage 110.16 19.01 227.86 10.89 0.027 

     Branches 32.22 6.26 130.64 7.01 0.007 

     Bark 26.40 5.13 44.76 2.40 0.068 

     Wood 31.54 8.11 97.66 5.24 0.009 

     Tree Roots 31.59 6.70 49.03 7.14 0.149 

     Mid Foliage 103.38 49.20 0.00 0.00 0.170 

     Mid Wood 61.43 30.48 0.00 0.00 0.181 

     Understory 57.88 7.99 4.57 1.61 0.019 

     Forest Floor 106.38 41.89 129.65 57.90 0.761 

     Veg Roots 18.13 3.75 0.00 0.00 0.040 

  Total Soil 11663 1039 9974 1157 0.338 

      0.0-0.2 m 4355 671 3687 99 0.380 

      0.2-0.4 m 2752 222 2536 585 0.709 

      0.4-0.6 m 2000 96 1935 505 0.906 

      0.6-1.0 m 2556 524 1816 255 0.225 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment
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Appendix Table S.3.33. Mass (kg ha-1) of sodium (Na) of tree and ecosystem components for 18-year-old Douglas-

fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on 

sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 12.659 0.370 11.015 0.567 4.752 0.319 5.539 0.626 0.369 <0.001 0.033 

     Foliage 1.639 0.071 2.975 0.118 0.810 0.013 0.866 0.020 <0.001 <0.001 <0.001 

     Branches 1.060 0.044 0.918 0.060 0.048 0.001 0.165 0.004 0.733 <0.001 0.004 

     Bark 3.947 0.168 1.930 0.112 0.346 0.006 0.735 0.017 <0.001 <0.001 <0.001 

     Wood 0.100 0.005 0.124 0.007 0.071 0.001 0.112 0.002 <0.001 0.001 0.087 

     Tree Roots 1.436 0.561 0.735 0.141 0.562 0.115 0.356 0.082 0.087 0.130 0.307 

     Mid Foliage 0.000 0.000 0.000 0.000 0.076 0.039 0.000 0.000 0.101 0.101 0.101 

     Mid Wood 0.000 0.000 0.000 0.000 0.018 0.011 0.000 0.000 0.150 0.150 0.150 

     Understory 0.633 0.109 0.081 0.048 0.505 0.190 0.039 0.030 0.002 0.531 0.672 

     Forest Floor 3.843 0.290 4.252 0.572 2.310 0.245 3.266 0.520 0.139 0.013 0.538 

     Veg Roots 0.000 0.000 0.000 0.000 0.007 0.001 0.000 0.000 0.003 0.003 0.003 

  Total Soil 1359.7 50.3 1588.1 107.5 1044.0 84.6 1061.3 84.5 0.171 <0.001 0.234 

      0.0-0.2 m 254.0 15.2 282.6 8.2 160.5 11.5 175.5 5.9 0.066 <0.001 0.539 

      0.2-0.4 m 255.0 16.8 288.6 22.4 242.9 27.2 301.5 41.2 0.111 0.990 0.630 

      0.4-0.6 m 342.3 15.3 428.1 36.4 229.2 14.1 213.3 23.3 0.171 <0.001 0.056 

      0.6-1.0 m 508.4 29.9 588.9 56.2 411.4 42.4 371.0 41.6 0.604 0.019 0.150 

WRC Total Plant 6.433 1.445 5.938 0.580 3.667 0.614 3.577 0.34 0.713 0.008 0.799 

     Foliage 0.810 0.275 1.895 0.079 0.394 0.131 1.071 0.07 <0.001 0.002 0.200 

     Branches 0.078 0.029 0.214 0.016 0.011 0.004 -0.111 0.01 0.666 <0.001 <0.001 

     Bark 0.120 0.054 0.520 0.098 0.052 0.015 0.120 0.01 0.001 0.001 0.006 

     Wood 0.013 0.005 0.046 0.003 0.013 0.004 0.036 0.00 <0.001 0.243 0.221 

     Tree Roots 0.924 0.557 1.634 0.242 0.938 0.248 0.933 0.19 0.288 0.344 0.282 

     Mid Foliage 0.767 0.184 0.032 0.032 0.265 0.168 0.024 0.02 0.012 0.104 0.108 

     Mid Wood 0.209 0.042 0.004 0.004 0.102 0.064 0.004 0.00 0.005 0.230 0.233 

     Understory 0.732 0.270 0.693 0.376 1.242 0.409 0.321 0.05 0.154 0.830 0.187 

     Forest Floor 1.657 0.327 0.893 0.510 0.599 0.101 1.179 0.38 0.778 0.351 0.082 

     Veg Roots 1.123 0.564 0.007 0.007 0.050 0.024 0.000 0.00 0.055 0.073 0.071 

  Total Soil 1336.3 63.4 1434.7 87.3 1048.9 75.9 1178.2 78.5 0.179 0.006 0.849 

      0.0-0.2 m 197.7 23.0 231.6 23.3 186.9 12.6 205.0 16.2 0.187 0.331 0.673 

      0.2-0.4 m 330.3 27.4 343.1 32.7 264.6 24.7 348.9 15.2 0.078 0.254 0.179 

      0.4-0.6 m 279.7 22.3 268.3 19.6 217.6 13.7 225.7 23.7 0.938 0.028 0.642 

      0.6-1.0 m 528.6 35.2 591.6 23.5 379.9 35.0 398.6 37.9 0.274 0.001 0.545 

 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.34. Mass (kg ha-1) of sodium (Na) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 8.096 0.952 8.652 0.488 0.619 

     Foliage 1.113 0.119 3.140 0.190 <0.001 

     Branches 0.026 0.003 0.224 0.014 <0.001 

     Bark 0.632 0.080 1.736 0.129 <0.001 

     Wood 0.065 0.009 0.176 0.017 <0.001 

     Tree Roots 1.314 0.297 1.941 0.324 0.241 

     Mid Foliage 1.220 0.509 0.000 0.000 0.096 

     Mid Wood 0.393 0.174 0.000 0.000 0.110 

     Understory 1.513 0.670 0.100 0.044 0.080 

     Forest Floor 1.468 0.262 1.335 0.161 0.647 

     Veg Roots 0.351 0.154 0.000 0.000 0.107 

  Total Soil 1277.4 47.2 1320.0 39.1 0.513 

      0.0-0.2 m 207.0 16.7 216.3 16.3 0.703 

      0.2-0.4 m 301.8 20.9 325.6 33.2 0.566 

      0.4-0.6 m 295.6 12.7 301.4 14.6 0.773 

      0.6-1.0 m 473.1 29.6 476.7 14.8 0.916 

GF Total Plant 5.420 0.149 6.743 1.090 0.318 

     Foliage 0.643 0.111 1.546 0.074 0.017 

     Branches 0.350 0.068 1.008 0.054 0.013 

     Bark 0.407 0.079 0.786 0.042 0.041 

     Wood 0.050 0.013 0.171 0.009 0.007 

     Tree Roots 0.601 0.083 1.332 0.064 0.016 

     Mid Foliage 0.302 0.146 0.000 0.000 0.174 

     Mid Wood 0.082 0.040 0.000 0.000 0.177 

     Understory 1.293 0.399 0.075 0.022 0.084 

     Forest Floor 1.275 0.368 1.823 0.855 0.587 

     Veg Roots 0.42 0.19 0.00 0.00 0.161 

  Total Soil 1624.4 9.1 1501.8 91.9 0.255 

      0.0-0.2 m 228.0 10.5 277.7 14.9 0.052 

      0.2-0.4 m 363.6 28.4 314.8 22.3 0.220 

      0.4-0.6 m 354.6 17.0 338.5 16.2 0.524 

      0.6-1.0 m 678.2 32.1 570.8 63.9 0.242 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.3.35. Mass (kg ha-1) of phosphorous (P) of tree and ecosystem components for 18 year-old 

Douglas-fir (DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation 

management on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is 

the standard error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 74.300 3.907 79.466 3.339 70.302 4.202 79.299 2.572 0.049 0.632 0.531 

     Foliage 18.010 0.785 21.878 0.866 18.315 0.287 23.786 0.554 <0.001 0.121 0.249 

     Branches 13.397 0.553 15.471 1.003 10.894 0.231 15.449 0.414 <0.001 0.065 0.069 

     Bark 9.210 0.392 11.034 0.640 6.653 0.108 9.323 0.221 <0.001 <0.001 0.305 

     Wood 2.556 0.137 2.793 0.150 3.181 0.044 3.169 0.068 0.324 0.001 0.277 

     Tree Roots 6.643 1.589 4.245 1.051 4.098 0.654 3.374 0.442 0.022 0.258 0.153 

     Mid Foliage 0.000 0.000 0.000 0.000 2.879 1.812 0.000 0.000 0.163 0.163 0.163 

     Mid Wood 0.000 0.000 0.000 0.000 2.322 1.622 0.000 0.000 0.202 0.202 0.202 

     Understory 4.569 1.637 0.397 0.206 6.199 2.145 0.461 0.341 0.010 0.563 0.581 

     Forest Floor 19.915 3.824 23.649 3.344 15.711 0.306 23.737 1.266 0.045 0.448 0.429 

     Veg Roots 0.000 0.000 0.000 0.000 0.051 0.008 0.000 0.000 0.001 0.001 0.001 

  Total Soil 32481 3186 32064 3546 61714 8810 58691 4162 0.757 <0.001 0.814 

      0.0-0.2 m 7804 631 8502 924 13261 866 13358 241 0.590 <0.001 0.683 

      0.2-0.4 m 8215 1579 6350 717 12287 1476 14327 1719 0.952 <0.001 0.196 

      0.4-0.6 m 7870 1082 5898 753 11021 1171 10759 1002 0.292 0.002 0.415 

      0.6-1.0 m 8591 820 11315 1480 25146 7866 20247 1641 0.796 0.009 0.372 

WRC Total Plant 72.723 4.725 56.488 4.241 39.545 8.251 49.077 3.424 0.590 0.020 0.078 

     Foliage 7.894 2.677 22.231 0.930 6.713 2.231 17.710 1.172 0.001 0.205 0.408 

     Branches 1.691 0.631 7.411 0.540 2.461 0.797 6.266 0.419 0.001 0.781 0.190 

     Bark 1.005 0.455 3.601 0.678 1.181 0.341 3.002 0.196 0.000 0.620 0.371 

     Wood 0.436 0.161 1.678 0.117 0.599 0.195 1.383 0.092 0.001 0.686 0.190 

     Tree Roots 4.717 3.484 9.119 0.115 4.561 0.370 9.451 1.550 0.023 0.961 0.891 

     Mid Foliage 21.061 6.690 0.285 0.285 3.842 2.238 0.502 0.502 0.003 0.021 0.019 

     Mid Wood 15.969 6.212 0.258 0.258 1.345 0.671 0.070 0.070 0.023 0.038 0.040 

     Understory 7.314 3.082 5.857 3.073 14.269 5.942 5.022 0.977 0.211 0.462 0.353 

     Forest Floor 7.971 1.565 6.020 3.735 4.366 1.698 5.673 0.712 0.806 0.475 0.248 

     Veg Roots 4.666 0.990 0.028 0.028 0.208 0.070 0.000 0.000 0.002 0.003 0.003 

  Total Soil 38755 1617 40669 2259 56620 8674 56363 9748 0.606 0.186 0.503 

      0.0-0.2 m 9593 713 12000 1084 15813 3144 17225 2717 0.262 0.136 0.756 

      0.2-0.4 m 9249 1248 9704 761 11344 1779 12811 2017 0.416 0.281 0.660 

      0.4-0.6 m 8193 8 7583 185 11393 2434 9293 1356 0.260 0.290 0.516 

      0.6-1.0 m 11720 612 11382 594 18070 2780 17034 4449 0.800 0.156 0.897 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.36. Mass (kg ha-1) of phosphorous (P) of tree and ecosystem components for 18 year-old 

western hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management 

on sites located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard 

error. The P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 113.155 8.902 116.901 6.498 0.224 

     Foliage 26.607 2.850 50.638 3.067 0.001 

     Branches 6.255 0.680 15.122 0.928 <0.001 

     Bark 6.718 0.854 17.353 1.287 0.001 

     Wood 4.513 0.596 12.106 1.186 0.001 

     Tree Roots 9.676 2.410 11.904 1.506 0.432 

     Mid Foliage 23.183 8.758 0.000 0.000 0.077 

     Mid Wood 13.508 5.514 0.000 0.000 0.092 

     Understory 11.101 5.278 0.701 0.270 0.097 

     Forest Floor 9.316 1.427 9.076 1.235 0.858 

     Veg Roots 2.278 0.942 0.000 0.000 0.094 

  Total Soil 39350 6339 37657 3740 0.756 

      0.0-0.2 m 9713 2367 9221 1155 0.828 

      0.2-0.4 m 10233 2860 9892 2072 0.926 

      0.4-0.6 m 8314 760 8027 860 0.811 

      0.6-1.0 m 11090 1627 10517 914 0.502 

GF Total Plant 76.268 15.253 103.996 8.215 0.121 

     Foliage 13.061 2.254 32.967 1.575 0.015 

     Branches 7.351 1.428 30.762 1.651 0.006 

     Bark 5.055 0.982 8.138 0.437 0.085 

     Wood 2.064 0.531 8.281 0.444 0.005 

     Tree Roots 4.915 0.989 10.133 3.120 0.186 

     Mid Foliage 13.094 6.221 0.000 0.000 0.170 

     Mid Wood 11.301 5.440 0.000 0.000 0.173 

     Understory 7.466 1.835 0.494 0.159 0.019 

     Forest Floor 8.756 1.982 13.221 6.050 0.522 

     Veg Roots 3.204 1.281 0.000 0.000 0.130 

  Total Soil 41366 11310 44789 6587 0.807 

      0.0-0.2 m 10106 2656 12787 1684 0.442 

      0.2-0.4 m 8053 552 9868 2772 0.556 

      0.4-0.6 m 8955 2451 9006 1781 0.988 

      0.6-1.0 m 14252 6030 13128 498 0.862 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment
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Appendix Table S.3.37. Mass (kg ha-1) of Sulfur (S) of tree and ecosystem components for 18-year-old Douglas-fir 

(DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 95.88 4.66 109.84 8.63 82.23 10.65 91.97 3.27 0.085 0.123 0.726 

     Foliage 13.35 0.58 19.96 0.79 9.86 0.15 13.72 0.32 <0.001 <0.001 0.022 

     Branches 14.69 0.61 16.71 1.08 8.17 0.17 13.19 0.35 <0.001 <0.001 0.040 

     Bark 10.12 0.43 9.64 0.56 5.94 0.10 8.54 0.20 0.014 <0.001 0.001 

     Wood 21.30 1.14 27.98 1.50 14.26 0.20 24.60 0.52 <0.001 <0.001 0.086 

     Tree Roots 6.65 1.42 4.17 0.65 4.41 0.99 3.21 0.52 0.026 0.232 0.348 

     Mid Foliage 0.00 0.00 0.00 0.00 0.59 0.26 0.00 0.00 0.067 0.067 0.067 

     Mid Wood 0.00 0.00 0.00 0.00 15.54 10.53 0.00 0.00 0.191 0.191 0.191 

     Understory 5.39 1.61 0.46 0.24 3.97 1.01 0.37 0.24 0.003 0.497 0.480 

     Forest Floor 24.38 4.81 30.92 7.47 19.44 1.44 28.34 2.28 0.084 0.513 0.762 

     Veg Roots 0.00 0.00 0.00 0.00 0.05 0.01 0.00 0.00 0.003 0.003 0.003 

WRC Total Plant 145.05 31.30 59.85 2.99 37.13 6.03 48.86 3.03 0.032 0.011 0.012 

     Foliage 4.76 1.61 11.46 0.48 4.97 1.65 12.59 0.83 0.002 0.646 0.723 

     Branches 2.57 0.96 9.52 0.69 2.47 0.80 5.45 0.36 <0.001 0.016 0.020 

     Bark 1.19 0.54 5.12 0.96 1.10 0.32 2.80 0.18 <0.001 0.040 0.055 

     Wood 3.08 1.14 11.06 0.77 3.20 1.04 8.42 0.56 <0.001 0.194 0.159 

     Tree Roots 4.03 2.72 9.78 1.18 5.25 0.45 8.82 1.32 0.025 0.938 0.490 

     Mid Foliage 6.00 1.05 0.15 0.15 2.22 1.42 0.28 0.28 0.002 0.088 0.071 

     Mid Wood 101.88 39.12 1.30 1.30 2.84 1.22 0.04 0.04 0.025 0.029 0.030 

     Understory 7.57 3.40 5.21 2.35 9.46 2.69 2.50 0.43 0.077 0.867 0.354 

     Forest Floor 9.24 1.61 6.22 3.79 5.38 1.47 7.97 1.96 0.920 0.681 0.231 

     Veg Roots 4.71 1.29 0.04 0.04 0.24 0.08 0.00 0.00 0.006 0.010 0.009 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.38. Mass (kg ha-1) of Sulfur (S) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 143.19 32.94 107.36 7.48 0.258 

     Foliage 10.42 1.12 20.17 1.22 0.001 

     Branches 7.52 0.82 17.00 1.04 <0.001 

     Bark 3.89 0.49 12.94 0.96 <0.001 

     Wood 13.73 1.81 37.61 3.68 0.001 

     Tree Roots 7.94 1.27 10.01 1.47 0.328 

     Mid Foliage 9.82 4.37 0.00 0.00 0.110 

     Mid Wood 68.29 31.85 0.00 0.00 0.121 

     Understory 10.30 4.21 0.79 0.30 0.107 

     Forest Floor 9.01 0.92 8.84 1.08 0.533 

     Veg Roots 2.27 1.00 0.00 0.00 0.109 

GF Total Plant 133.11 35.22 103.53 7.89 0.392 

     Foliage 9.75 1.68 19.13 0.91 0.032 

     Branches 6.10 1.19 19.08 1.02 0.011 

     Bark 4.03 0.78 8.23 0.44 0.034 

     Wood 10.98 2.83 38.84 2.08 0.006 

     Tree Roots 4.20 0.75 6.53 0.94 0.124 

     Mid Foliage 2.12 1.04 0.00 0.00 0.178 

     Mid Wood 74.09 35.78 0.00 0.00 0.174 

     Understory 9.83 3.40 0.51 0.14 0.104 

     Forest Floor 9.34 2.50 11.21 4.36 0.728 

     Veg Roots 2.67 0.96 0.00 0.00 0.109 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.3.39. Mass (kg ha-1) of zinc (Zn) of tree and ecosystem components for 18-year-old Douglas-fir 

(DF) and western redcedar (WRC) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    CR CF P-value 

    Control VM Control VM       

Species Tissue kg ha-1 SE kg ha-1 SE kg ha-1 SE kg ha-1 SE Trt Site Site x Trt 

DF Total Plant 1.460 0.094 1.569 0.114 1.238 0.020 1.579 0.081 0.008 0.355 0.090 

     Foliage 0.122 0.005 0.135 0.005 0.107 0.002 0.147 0.003 <0.001 0.768 0.007 

     Branches 0.432 0.018 0.498 0.032 0.251 0.005 0.345 0.009 0.001 <0.001 0.478 

     Bark 0.263 0.011 0.342 0.020 0.218 0.004 0.296 0.007 <0.001 0.003 0.956 

     Wood 0.245 0.013 0.249 0.013 0.218 0.003 0.366 0.008 <0.001 0.001 <0.001 

     Tree Roots 0.089 0.012 0.062 0.008 0.074 0.006 0.046 0.006 0.009 0.167 0.957 

     Mid Foliage 0.000 0.000 0.000 0.000 0.010 0.005 0.000 0.000 0.084 0.084 0.084 

     Mid Wood 0.000 0.000 0.000 0.000 0.031 0.018 0.000 0.000 0.141 0.141 0.141 

     Understory 0.081 0.043 0.010 0.007 0.059 0.018 0.008 0.005 0.023 0.616 0.670 

     Forest Floor 0.228 0.055 0.274 0.062 0.269 0.039 0.371 0.064 0.196 0.298 0.600 

     Veg Roots 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.006 0.006 0.006 

  Total Soil 437.1 20.2 482.7 73.7 430.4 75.6 468.6 88.9 0.559 0.889 0.959 

      0.0-0.2 m 86.0 4.8 100.8 15.0 89.2 8.8 97.4 17.5 0.350 0.993 0.778 

      0.2-0.4 m 92.1 5.4 94.9 13.5 87.9 8.3 114.3 22.3 0.305 0.627 0.401 

      0.4-0.6 m 98.6 3.9 99.2 18.8 84.6 10.2 91.8 18.5 0.780 0.507 0.815 

      0.6-1.0 m 160.5 15.5 187.7 29.8 168.7 50.6 165.2 33.2 0.736 0.847 0.664 

WRC Total Plant 0.924 0.104 0.884 0.067 0.783 0.234 0.858 0.066 0.908 0.631 0.702 

     Foliage 0.100 0.034 0.247 0.010 0.092 0.031 0.216 0.014 0.002 0.488 0.651 

     Branches 0.057 0.021 0.182 0.013 0.050 0.016 0.088 0.006 <0.001 0.007 0.014 

     Bark 0.036 0.016 0.114 0.022 0.026 0.008 0.058 0.004 0.001 0.025 0.089 

     Wood 0.018 0.006 0.076 0.005 0.026 0.008 0.073 0.005 0.001 0.726 0.434 

     Tree Roots 0.070 0.050 0.128 0.029 0.252 0.129 0.215 0.046 0.862 0.259 0.442 

     Mid Foliage 0.096 0.023 0.005 0.005 0.024 0.015 0.009 0.009 0.004 0.036 0.024 

     Mid Wood 0.273 0.077 0.014 0.014 0.038 0.023 0.002 0.002 0.006 0.025 0.017 

     Understory 0.079 0.031 0.046 0.023 0.158 0.064 0.061 0.008 0.153 0.282 0.457 

     Forest Floor 0.115 0.039 0.070 0.035 0.102 0.031 0.134 0.061 0.889 0.595 0.420 

     Veg Roots 0.081 0.020 0.001 0.001 0.015 0.010 0.000 0.000 0.006 0.023 0.024 

  Total Soil 443.3 46.9 499.8 42.7 484.8 55.2 554.5 43.3 0.059 0.490 0.808 

      0.0-0.2 m 85.2 7.9 104.5 11.9 116.3 19.3 129.1 4.3 0.248 0.101 0.800 

      0.2-0.4 m 111.3 7.2 109.6 8.0 100.6 14.3 115.5 3.8 0.509 0.826 0.414 

      0.4-0.6 m 110.0 12.8 105.4 9.9 102.5 12.4 111.3 5.2 0.801 0.952 0.448 

      0.6-1.0 m 136.9 23.2 180.2 14.7 165.4 14.7 198.6 33.3 0.034 0.496 0.718 

 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment; Site: Effect of site; Site x Trt: Interactive effect of treatment and site
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Appendix Table S.3.40. Mass (kg ha-1) of zinc (Zn) of tree and ecosystem components for 18-year-old western 

hemlock (WH) and grand fir (GF) stands growing under contrasting treatments of vegetation management on sites 

located in the central Coast Range (CR) and Cascade Foothills (CF) of western Oregon. SE is the standard error. The 

P-value shown is in bold if the difference in concentration was significant at α=0.05. 

    Control VM P-value 

Species Tissue kg ha-1 SE kg ha-1 SE Trt 

WH Total Plant 1.297 0.103 1.228 0.104 0.575 

     Foliage 0.111 0.012 0.227 0.014 0.001 

     Branches 0.141 0.015 0.245 0.015 0.003 

     Bark 0.050 0.006 0.118 0.009 0.001 

     Wood 0.158 0.021 0.372 0.036 0.002 

     Tree Roots 0.117 0.028 0.158 0.041 0.446 

     Mid Foliage 0.122 0.049 0.000 0.000 0.091 

     Mid Wood 0.270 0.108 0.000 0.000 0.089 

     Understory 0.174 0.089 0.006 0.002 0.108 

     Forest Floor 0.127 0.021 0.102 0.014 0.354 

     Veg Roots 0.028 0.012 0.000 0.000 0.095 

  Total Soil 479.1 20.7 471.8 31.5 0.816 

      0.0-0.2 m 91.3 8.9 90.5 3.5 0.919 

      0.2-0.4 m 113.2 7.8 105.4 13.1 0.626 

      0.4-0.6 m 105.9 3.7 103.9 7.0 0.809 

      0.6-1.0 m 168.7 15.7 172.1 10.9 0.749 

GF Total Plant 1.215 0.181 1.972 0.232 0.051 

     Foliage 0.237 0.041 0.531 0.025 0.021 

     Branches 0.162 0.032 0.460 0.025 0.013 

     Bark 0.116 0.022 0.136 0.007 0.454 

     Wood 0.144 0.037 0.420 0.023 0.011 

     Tree Roots 0.072 0.013 0.136 0.020 0.027 

     Mid Foliage 0.038 0.019 0.000 0.000 0.176 

     Mid Wood 0.137 0.067 0.000 0.000 0.178 

     Understory 0.087 0.037 0.006 0.003 0.098 

     Forest Floor 0.177 0.059 0.283 0.152 0.549 

     Veg Roots 0.046 0.017 0.000 0.000 0.115 

  Total Soil 567.6 18.4 571.6 57.1 0.952 

      0.0-0.2 m 91.1 8.1 117.6 3.9 0.071 

      0.2-0.4 m 132.7 12.8 113.6 19.7 0.255 

      0.4-0.6 m 127.0 3.1 135.5 17.2 0.638 

      0.6-1.0 m 216.9 21.1 204.9 17.3 0.682 

Control: no post-planting vegetation control, VM: sustained vegetation control for first 5 years post planting. Trt: 

Effect of vegetation management treatment 
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Appendix Table S.4.1. Results of ANOVA test for differences between carbon:nutrient ratios of crop tree stemwood 

carbon to plant derived nutrient (crop trees, midstory, understory, and forest floor) for Douglas-fir, western hemlock, 

western redcedar and grand fir (Spp) growing under contrasting treatments of vegetation management (Trt) on sites 

located in the central Coast Range (CR) and the Cascade foothills (CF) of western Oregon (Site). 

Nutrient Site Spp Trt Site*Spp Site*Trt Spp*Trt Site*Spp*Trt 

C:N 0.001 <0.001 <0.001 0.011 0.153 0.002 0.409 

C:P 0.652 <0.001 <0.001 0.324 0.825 <0.001 0.008 

C:K 0.592 <0.001 <0.001 0.678 0.544 <0.001 0.096 

C:Mg <0.001 <0.001 <0.001 0.356 0.130 <0.001 0.052 

C:Ca 0.003 <0.001 <0.001 0.004 0.011 0.078 0.132 

C:S 0.049 <0.001 <0.001 0.370 0.058 <0.001 0.003 

C:B 0.014 <0.001 <0.001 0.020 0.757 0.004 0.375 

C:Mn 0.651 <0.001 <0.001 0.429 0.724 <0.001 0.100 

C:Fe 0.022 <0.001 <0.001 0.294 0.289 0.001 0.001 

C:Cu 0.089 <0.001 <0.001 0.878 0.220 0.001 0.212 

C:Na 0.037 <0.001 <0.001 0.012 0.723 0.006 0.031 

C:Zn 0.652 <0.001 <0.001 0.324 0.825 <0.001 0.008 

 

 


