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Belowground carbon (C) storage and quality of soil organic matter (SOM) in 

forest soils have implications for sustainable forest management and C sequestration, 

but how these pools change in response to management is poorly understood. I 

investigated whether fertilization and competing vegetation control, applied alone or 

in combination early in stand development, affected forest-floor, fine-root, and 

mineral-soil C and nitrogen (N) pools to 1-m depth at three ponderosa pine (Pinus 

ponderosa) plantations across a site-quality gradient in northern California. Secondly, 

I assessed how these treatments affected surface SOM quality at these sites via 1) 

density fractionation, 2) dissolved organic C (DOC) and dissolved N release during 



 

225-day laboratory incubation, and 3) CO2 evolution and DOC mobilization during 

16-day laboratory incubation.  

Twenty years after plantation establishment, mean belowground C pools, were 83, 

177, and 206 Mg C ha-1 for the low-, intermediate-, and high-quality sites, 

respectively. Belowground N pools for the three sites were 5.6, 7.4, and 6.8 Mg N  

ha-1, respectively. Responses of aboveground biomass to treatment were marked, but 

changes in belowground C and N pools to fertilization and competing vegetation 

control were limited. Fertilization increased total C and N pools at the low- and 

intermediate-quality sites and increased the proportion of total belowground C and N 

in the forest floor at all three sites. Competing vegetation control increased the forest-

floor C pool at the lowest quality site, but had no effect on total pools. Fertilizer 

increased whole-soil and light-density-fraction N and decreased C:N ratios at two 

sites, suggesting increased SOM quality. Fertilization decreased C mineralization at 

the most productive site, had the opposite effect at the intermediate site, and had no 

effect at the poor site. Competing vegetation control affected light-fraction C and N 

concentrations and C:N ratios inconsistently among sites and decreased N 

mineralization at the most productive site, suggesting decreased SOM quality. 

Although forest floors were the most sensitive of the belowground C pools to these 

silvicultural treatments, results suggest that the major mechanism for increased C 

sequestration through management of these ponderosa pine forests will be through 

increased tree growth, rather than belowground C storage.  
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Belowground carbon storage and soil organic matter quality following fertilizer and 
herbicide applications in ponderosa pine plantations along a site-quality gradient in 
northern California  
 

 

CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

Carbon Storage, Forests, and Forest Soils 

Interest in the role of forests in the global carbon (C) cycle and their importance 

for terrestrial C sequestration has grown in the last decade. According to the 

Intergovernmental Panel on Climate Change (ICPCC) 2000 report, nearly 2,500 Gt of 

C resides in terrestrial vegetation and soil (to 1-m depth) (Watson et al., 2000). Forests 

cover about 30% of the Earth’s land surface (FAO, 2006) and account for 

approximately 46% of the terrestrial C pool (Watson et al., 2000). The Kyoto Protocol 

identified afforestation and reforestation as valid tools for mitigating greenhouse gas 

emissions, and it may be possible to manage existing forests, particularly timberlands, 

for enhanced sequestration of C (Dixon et al., 1994). 
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Aboveground vegetation C stocks account for <20% of the total terrestrial C pool, 

while the remaining 2,011 Gt of C are in soils (Watson et al., 2000). Approximately 

750 Gt of C reside in the atmosphere (Schlesinger, 1997). Thus, soils store about four 

times as much C as terrestrial vegetation and more than twice the amount stored in the 

atmosphere. Depending on forest type, 50–85% of a forest system’s C is stored in soils 

(Watson et al., 2000). 

Forests cover about 1/3 of the land area in the United States (USFS, 2001) and 

store approximately 71 Gt of C. Greater than 36 Gt of this C resides in soils to 1-m 

depth and 9.5 Gt is retained in forest floors, coarse woody debris, and standing dead 

trees (Heath et al., 2003). The state of California has 12.5 million ha of forest, 6.7 

million of which are productive timberlands (FRAP, 2003). Forests and forest soils 

have been identified as net sinks for CO2 and are being considered in plans to reduce 

state-wide greenhouse gas emissions (CEC, 2006).  

Forest soils and associated detritus constitute a large C pool, but questions remain 

as to whether and under what conditions this pool acts as a source of or a sink for 

atmospheric CO2 (Dixon et al., 1994). In addition, how belowground C pools will 

respond to future changes in climate and management is uncertain. While pools are 

large, fluxes of C into or out of soils are relatively small. On a global level, for 

example, the soil C pool is roughly 2,000 Gt C, aboveground litter inputs are roughly 

55 Gt C yr-1, about 70 Gt C yr-1 is released via soil respiration, and net fluxes are often 

less than 1 Gt C yr-1 (Schlesinger, 1997). Variance estimates of net C fluxes , indicate 

that it is unclear whether the fluxes represent net sequestration or release of C (Fan et 

al., 1998). 
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In addition, CO2 fluxes are sensitive to numerous environmental and ecological 

factors. Soil respiration, the flux often responsible in determining net ecosystem C 

exchange (Valentini et al., 2000), is particularly sensitive to spatial and temporal 

changes in microclimate and interannual variation (Conant et al., 2000; Law et al., 

1999; Schimel et al., 1994; Xu and Ye, 2001). Production, movement, and loss of 

dissolved organic carbon (DOC) are influenced by water dynamics, soil characteristics 

and microbial activity (Neff and Asner, 2001). Both fluxes may vary among 

vegetation type (Neff and Hooper, 2002), forest age (Irvine and Law, 2002; Peichl and 

Arain, 2006), and nutrient additions (Adams et al., 2005; Vestgarden, 2001; Waldrop 

and Firestone, 2004) and are likely to change in response to future changes in plant 

communities, climate, forest age and successional stage, and forest management. How 

these factors will impact forest soil C storage in the future is unclear. 

It may be possible to manage forests, including commercial forest plantations, to 

maximize belowground C sequestration and storage. Such management practices are 

likely to compliment other management objectives including timber production, 

protection of wildlife habitat and water quality, and maintenance of soil productivity 

(Dixon et al., 1994). However, a better understanding of the response of belowground 

C storage and cycling to management practices is needed. 

 

Soil Carbon and Sustainable Forest Management 

Influence of silvicultural practices on belowground C is also important in the 

context of sustainable forest management. Expanding demands for wood fiber and 

nontimber forest products coupled with decreased productive forest area, have placed 
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increased demands on forests to produce timber worldwide (FAO, 2006). As a result, 

global area of plantation forests has been increasing 0.5 million ha each year since 

2000 (FAO, 2006). In light of these demands, the concept of sustainable forest 

management has received growing attention. Goals for sustainable forest management, 

as outlined by the Food and Agricultural Organization of the United Nations (FAO) 

include maintenance of biodiversity, productivity, vitality, and health and continued 

capacity to fulfill ecological, economic and social functions at numerous scales (FAO, 

2006). 

Sustained forest productivity relies on conservation of soil resources. Therefore 

maintenance of long-term soil productivity, fertility, and quality have been identified 

as major goals of sustainable forest management (Nambiar, 1996; Raison and Rab, 

2001). Soil productivity refers to the inherent potential of a soil to grow vegetation 

(Powers et al., 1990). Soil quality is considered the capacity for a soil to function as an 

ecosystem component and can pertain to functions such as plant productivity, C 

sequestration, waste remediation, and/or water infiltration (Schoenholtz et al., 2000). 

We need to determine soil properties and functions essential to soil productivity and 

quality, often called criteria, and identify appropriate indicators to monitor changes in 

soil quality over time and under different management practices (Burger and Kelting, 

1999; Powers et al., 1998; Powers et al., 1990).  

Soil organic matter (SOM), or soil C as its surrogate, has been identified as a key 

component in soil process and function through its influence on nutrient cycling and 

availability, soil water dynamics, and microclimate and as a C source for heterotrophic 

soil biota (Amaranthus et al., 1989; Raison and Rab, 2001). Protection of SOM has 
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been identified as a major goal of sustainable forest management in western US forests 

because of its integral role in maintaining soil productivity (Jurgensen et al., 1997; 

Powers, 1990a). Sensitivity of SOM pools to disturbances associated with forest 

harvesting and thinning operations has been demonstrated (Henderson, 1995; Parker et 

al., 2001), but long-term effects of silvilcultural practices on SOM pools are less well 

understood.  

Several indicators for monitoring and assessing SOM as criteria for soil quality 

and productivity have been proposed. First, SOM pool-size, total soil C, and soil 

organic C can be measured before and after management treatments and monitored 

over time (Johnson and Curtis, 2001; Jurgensen et al., 1997; Ogle and Paustian, 2005; 

Page-Dumroese et al., 2000). Indices for SOM quality, including relative amounts of 

certain SOM fractions and C mineralization during laboratory incubation, have also 

been suggested as indicators of soil quality because they integrate factors such as 

microbial activity and nutrient availability (Ellert and Gregorich, 1995; Filip and 

Kubát, 2004; Whalen et al., 2000). 

 

Belowground Carbon Storage and Distribution 

Forest Carbon Budgets – Examples of Belowground Carbon Storage from 
the Literature 

Amount of C and proportion of total forest C stored belowground varies widely 

with forest type, climate, and forest age. Few comprehensive C budgets for forest 

ecosystems have been constructed (see Vogt, 1991), and only one study (Law et al., 

2001) has published complete data for ponderosa pine (Pinus ponderosa Dougl. ex 
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Laws.) forests, to this author’s knowledge. Law et al. (2001) constructed ecosystem C 

budgets for a young (20-yr-old) and an old (old-growth, mixed age) ponderosa pine 

forest in central Oregon. Their young forest stored nearly 10 Mg C ha-1, 9% of which 

was stored in aboveground biomass, 21% was in coarse woody debris (>10 mm 

diameter), and 67% was stored belowground (including root biomass and detritus, 

forest floor, mineral soil to 1-m depth, and fine woody debris). The old forest stored 

more than twice as much C in the entire system, but nearly all (90%) of the increase in 

ecosystem C could be accounted for in aboveground biomass. 

Total amount of C stored belowground is distributed in several pools including 

forest floor (or O horizon), mineral soil, and root biomass. Fine woody debris is 

generally included in the forest-floor pool. Coarse woody debris, when present, is not 

usually considered a part of the belowground pool but is considered independently or 

with standing dead wood, where appropriate (Harmon et al., 1990; Peichl and Arain, 

2006). In ponderosa pine forests in central Oregon (Law et al., 2001), the majority of 

belowground C was in mineral soil for both forests (58% on average), about 15% was 

in the forest floor (including fine woody debris), and the remainder was split about 

evenly between fine- and coarse-root biomass and detritus.  

A comparison of the belowground C pools reported by Law et al. (2001) to pools 

of other forest types in the Pacific Northwest showed that ponderosa pine in central 

Oregon had lower belowground C pools than other forest types of the region (Sun et 

al., 2004). In addition, the ponderosa pine forest in central Oregon stored a larger 

portion (15%) of the belowground C pool in the forest floor than a coastal Western 
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hemlock (Tjuga heterophylla) forest (1%) or a Douglas-fir (Pseudotsuga menziesii) 

forest in the Oregon Cascades (5%) (Sun et al., 2004). 

 

Methodological Challenges in Sampling 

Terrestrial ecosystems are intrinsically heterogeneous, and high spatial variability 

belowground has challenged researchers in their attempts to quantify C pools and 

fluxes. High variances associated with estimates from field measurements of soil C 

and N pools have made assessment of changes over time, among sites, or resulting 

from experimental treatments difficult (Homann et al., 2001a; Rothe et al., 2002). 

Researchers have determined through statistical power analysis that changes smaller 

than 15–20% may not be statistically detectable for forest-floor C (Yanai et al., 2003), 

mineral-soil C (Homann et al., 2001a), or fine-root biomass (Yanai et al., 2006). 

Difficulties in sample collection, as well as high spatial variance, have challenged 

researchers in attempts to quantify root biomass and C pools. Coarse- or total root 

biomass can be estimated with allometric equations based on aboveground biomass, if 

such equations have been developed (Adams et al., 2005; Shan et al., 2001). There is 

substantial evidence, however, that silvicultural treatments such as fertilization alter C 

allocation patterns (Giardina et al., 2004; Madeira et al., 2002), requiring different 

allometric equations where such treatments are applied. In addition, allometric 

equations systematically underestimated root biomass in young stands and 

overestimated root biomass in older stands compared with estimates from field 

sampling in six northern hardwood forests (Park et al., 2007). Excavation of root 

systems is labor-intensive and destructive, but allows development of site- and 
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treatment-specific allometric equations (Beets and Whitehead, 1996; Haynes and 

Gower, 1995; Peichl and Arain, 2006). A further limitation of allometric equations is 

that they cannot provide information regarding the spatial distribution of roots.  

Field-based methods for quantifying fine-root biomass include excavation and 

volumetric coring. Quantitative soil pits and volumetric cores can be used in 

estimating fine-root biomass, but are not appropriate for estimating biomass of roots 

>2 mm diameter (Park et al., 2007). Fine-root biomass and turnover have been 

measured with volumetric cores in several studies (e.g. Comeau and Kimmins, 1989; 

Fahey et al., 2005; Gower et al., 1992; Keyes and Grier, 1981; Vogt et al., 1987). 

Errors associated with estimates from root coring decrease with increasing core 

diameter and number of sampling locations within a plot (Park et al., 2007). 

Quantitative pits are used in rocky soils where coring is not possible (Yanai et al., 

2006). Comparisons of root biomass estimates from root coring and quantitative pits 

suggest that coring yields higher estimates than pits, due in part to compaction during 

sampling (Park et al., 2007). 

Changes in fine-root biomass can be estimated using sequential root coring 

(Haynes and Gower, 1995; McClaugherty et al., 1982) or observing root dynamics 

with minirhizotrons (Shan et al., 2001; Tingey et al., 1997). Different methods have 

produced markedly different results (Nadelhoffer and Raich, 1992). For example, 

fertilization increased production of fine roots <1 mm diameter and had no effect on 

production of roots 1 to 2 mm in diameter in loblolly pine (Pinus taeda) as quantified 

using minirhizotrons (King et al., 2002). In the same experiment, however, estimates 
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attained by root coring indicated a decrease in fine-root production (<2 mm diameter) 

and standing biomass was (Albaugh et al., 1998). 

 

Soil Texture and Mineralogy as Controls on Soil Carbon Storage 

Soil texture is a key parameter in the Century model of biogeochemistry of 

terrestrial ecosystems (Parton et al., 1994). Simulations of soil C dynamics using 

Century have shown that soil C content changes linearly with soil texture, increasing 

with higher clay content (Schimel et al., 1994). This trend is primarily the result of 

increased retention of passive C with finer soil texture (Parton et al., 1994), which 

results in longer turnover time (Schimel et al., 1994). Increased storage of passive C in 

finer-textured soils results, in part, from high adsorption of dissolved organic matter 

(DOM) by clay-size particles (Kaiser and Zech, 2000). The importance of texture in 

determining soil C storage has been observed in forests where similar biomes contain 

less C in sandy soils than in finer-textured soils (Adams et al., 2005; Silver et al., 

2000). 

Models of soil C dynamics may be improved by including soil mineralogy in 

addition to soil texture (Torn et al., 1997). A study of California forest soils with 

varying parent materials and mineralogy observed that andesitic soils with mineralogy 

dominated by noncrystalline materials appeared to protect C to a higher degree than 

basaltic or granitic soils dominated by crystalline material or a mixture of both 

(Rasmussen et al., 2006). In addition, andesitic soils contained twice as much mineral-

associated C than granitic soils (Rasmussen et al., 2005) and C content and resistance 

to decomposition increased with increasing Fe-oxyhydroxide, Al-oxyhydroxide, and 
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Al-humus complex contents (Rasmussen et al., 2005; Rasmussen et al., 2006). A 

chronosequence of soil age in Hawaiian forests showed a peak in soil C turnover time 

that corresponded with highly noncrystalline mineralogies found in middle-aged soils 

derived from volcanic parent materials (Torn et al., 1997). A study of 12 acidic forest 

soils concluded that the most important mechanism for C stabilization in soils is 

formation of complexes of organic matter and poorly crystalline minerals (Mikutta et 

al., 2006). 

 

Soil Organic Matter Quality 

Defining and Describing SOM Quality 

Soil OM quality generally refers to characteristics of SOM including nutrient 

content, degree of decomposition, and chemical composition. These characteristics 

influence degradability and thus alter processes such as decomposition, nitrogen (N) 

mineralization and immobilization, and dissolved organic matter (DOM) production. 

Quality of soil C or SOM somewhat parallels descriptions of litter quality, in that 

characteristics such as high nutrient- and low lignin content are associated with high-

quality organic matter (OM). In general, C associated with recent litter inputs is of 

higher quality than C found in highly decomposed, humified litter (Berg, 2000b).  

Because descriptions of SOM quality are directly linked to degradability, high 

quality SOM tends to have higher decomposition rates. Consequently, C associated 

with high quality SOM generally has higher turnover rates and lower turnover time 

than C associated with low quality SOM. The soil organic C pool can be separated 
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into 2 or 3 conceptual subpools, based on turnover rates (Ellert and Gregorich, 1995). 

The “active” or “labile” soil C pool includes microbial biomass and easily 

decomposable materials that turn over in <10 yr. The “intermediate” or “slow” soil C 

pool turns over in 10–100 yr and the “passive” or “resistant” soil C pool turns over in 

100’s to 1000’s of years (Townsend et al., 1997).  

Increases in stability of SOM with increasing turnover time depend on 

characteristics of SOM relating to recalcitrance, interaction, and accessibility (Sollins 

et al., 1996). Recalcitrance refers to molecular-level characteristics that affect 

decomposability. Interaction refers to intermolecular interactions between organic 

molecules and other organic or inorganic molecules that affect degradation or 

synthesis of OM. Accessibility refers to physical location as it relates to microbes or 

microbial enzymes. Organic matter is “stable” and has high turnover time if it is high 

in recalcitrance, low in accessibility, or interacting with other molecules in a way that 

makes it more difficult to degrade. In contrast, OM is less stable if it is low in 

recalcitrance, high in accessibility, or interacting with other molecules in a way that 

makes it easier to degrade. 

Several techniques for assessing the quality of soil C and OM have been used. 

Laboratory incubations provide biological indices for SOM quality as they allow for 

measurement of products of microbial processes such as decomposition. Soil OM can 

be characterized by any of several laboratory techniques that physically and 

chemically separate fractions of differing properties. Numerous studies have 

demonstrated that such techniques can provide information about soil C or OM 

quality, but multiple approaches in combination may be more informative than any 
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single method (Haile-Mariam et al., 2000; Neff and Hooper, 2002; Swanston et al., 

2005).  

 

Laboratory Incubation Indices 

Because high quality SOM is expected to have higher decomposition rates, 

measures of decomposition can be used as indices for SOM quality. Laboratory 

incubation of soil samples under controlled temperature and moisture can eliminate 

differences in SOM decomposition due to site environmental factors such as 

temperature and moisture. As microbes degrade OM, they release CO2; this 

mineralization of C can be used to indicate differences in SOM quality among samples 

(Haile-Mariam et al., 2000; Swanston et al., 2004). In addition to measurements of C 

mineralization, incubations to assess SOM quality have included N mineralization 

(Echeverría et al., 2004; Hart et al., 1994) and production of dissolved organic C 

(DOC) and DOM (Göedde et al., 1996). 

Several studies have demonstrated a link between SOM quality and C mobilization 

during incubation. Availability of C sources directly relates to levels of CO2 evolution 

and DOC production during incubation of deciduous forest-floor material (Park et al., 

2002). Researchers in this study added C in the form glucose, cellulose, leaf litter, or 

wood litter and found addition of glucose produced the highest loss of C. Exclusion of 

litter inputs at an old-growth coniferous forest decreased DOC production during 

laboratory incubation, although C mineralization was not affected (Lajtha et al., 2005). 

In a long-term laboratory incubation of arctic soils, loss of C via respiration and 
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leaching of DOC was influenced more by vegetation type than by incubation 

temperature (Neff and Hooper, 2002).  

 

Soil OM Fractionation 

 Unfortunately, laboratory methods cannot separate SOM into pools that 

correspond precisely to the conceptual pools described above. However, chemical and 

physical fractionation methods can separate SOM into fractions of different properties. 

Such fractions provide information about the quality of SOM, although their relative 

usefulness can depend on soil-specific characteristics. Fractionation techniques are the 

most helpful when combined with other methods for describing SOM quality. 

Chemical fractionation separates SOM by solubility in acid or base solutions. 

Traditional alkaline extraction separates SOM into humin (insoluble in base) and 

humic acids (soluble in base and insoluble in acid) and fulvic acids (soluble in base 

and acid) and has been applied to soils extensively (Stevenson and Elliott, 1989). 

These fractions are of limited applicability to soil function, however, and more 

recently acid hydrolysis has been used to identify biologically available (hydrolysable) 

and unavailable (nonhydrolyzable) pools (Collins et al., 2000). For a northern 

California Ultisol, the nonhydrolyzable, resistant fraction was found to account for 

about half of the C in the surface 18 cm of soil (Haile-Mariam et al., 2000). Carbon 

dating revealed that this fraction had a turnover time of about a century. 

Physical fractionation refers to separation by particle or aggregate size or density 

(Christensen, 1992). During humification, SOM becomes increasingly associated with 

clay minerals, and particle-size fractionation has demonstrated a continuum of 
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increasing decomposition stage with decreasing particle size (Parker et al., 2002). 

Density fractionation can separate mineral-associated passive fractions from active C 

fractions based on differences in specific gravity between mineral components of soil 

and particulate SOM.  

In density fractionation, soil is dispersed in a high-density liquid. The light fraction 

floats above the liquid, while the dense, or heavy, fraction settles as sediment (Crow et 

al., 2007; Strickland and Sollins, 1987). General trends with increasing density include 

an increase in mineral content coinciding with a decrease in OM content, decreasing C 

and N concentrations and C:N ratio1, declining particulate OM, increasing OM 

decomposition2 (Baisden et al., 2002), and longer turnover time3 (Baisden et al., 2002; 

Sollins et al., 2006; Swanston et al., 2005). Fractions that float at lower densities more 

resemble fresh, undecomposed litter, whereas dense fractions of SOM more resemble 

amorphous, highly decomposed humin (Baisden et al., 2002; Hassink, 1995; Sollins et 

al., 2006). 

Exact densities used for separation differ by study and soil, and some studies use 

multiple densities to yield three or more fractions (Sollins et al., 2006). However, the 

upper boundary for light fractions is generally within the range of 1.6–2.0 g mL-1. 

Light-fraction material typically contains particulate OM, fresh litter, and microbial 

biomass (Ellert and Gregorich, 1995) and may contain charcoal in areas with histories 

of fire (Sollins et al., 2006). In contrast, dense fractions include soil minerals and 

                                                 
1Baisden et al. (2002) suggest C:N ratios approach microbial C:N (4 – 10) as OM becomes more 
decomposed. Sollins et al. (2006) suggest N-rich molecules are preferentially sorbed to mineral 
surfaces, resulting in lower C:N ratios with increasing density. 
2 As suggested by increasing δ 15N and δ 13C and decreasing C:N ratio with increasing density 
3 As determined using 14C 
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higher density organic molecules, and OM sorbed to mineral particles (Hassink, 1995; 

Sollins et al., 2006). The dense fraction, tends to have a narrower C:N ratio, 

suggesting that much of this OM has undergone microbial transformation or has been 

adsorbed by clay particles, which tend to preferentially adsorb N-rich OM (Golchin et 

al., 1994b).  

Dense fractions may include SOM bound inside soil aggregates if dispersion 

techniques are not too destructive to soil structure. Disrupting the soil structure by 

mechanical mixing, grinding, or sonication releases aggregate-associated SOM, 

referred to as occluded SOM, to a degree that depends on intensity of disrupting forces 

(Golchin et al., 1994a; Golchin et al., 1994b; Swanston et al., 2005). Although this C 

may be easily decomposable when it is not bound to or held within aggregates, it may 

not be biologically accessible in situ (Haile-Mariam et al., 2000), unless soils are 

severely disturbed. Laboratory incubations of individual fractions suggest that light- 

and heavy-density fractions may differ more in accessibility and interaction than in 

recalcitrance (Swanston et al., 2002), reinforcing the importance of soil aggregation in 

C storage and SOM stabilization. Thus, researchers tend to identify light-fraction 

material that floats following low-intensity dispersion techniques, such as gentle 

shaking, as “free” light fraction, whereas the material that floats following higher-

intensity dispersion is referred to as the occluded light fraction. 

When viewed under an electron microscope, free light fraction most resembles 

fresh or slightly decomposed plant debris and fungal hyphae (Baisden et al., 2002; 

Golchin et al., 1994b) and contains high amounts of carbohydrates, indicating the 

plant origin of the majority of the OM in this fraction (Golchin et al., 1994b). Light-
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fraction material, particularly free light fraction, tends to have lower turnover time 

than denser fractions, and some studies have shown it to be an appropriate proxy for 

the active SOM pool (Baisden et al., 2002; Swanston et al., 2005). In laboratory 

incubations, light-fraction C has been more strongly correlated to C mineralization 

than total-soil or heavy-fraction C (Alvarez and Alvarez, 2000; Hassink, 1995). Free 

light fraction has been shown to be sensitive to changes in C inputs (Alvarez and 

Alvarez, 2000; Janzen et al., 1992).  

Evidence that the light fraction is more sensitive than whole soils to management, 

disturbance, and land use is substantial (Alvarez and Alvarez, 2000; Echeverría et al., 

2004; Haile-Mariam et al., 2000; Janzen et al., 1992). For example, total soil C in 

agricultural soil from Argentina was sensitive to changes in soil management, but 

management effects were more evident when the light-density fraction and microbial-

biomass C pools were isolated (Alvarez and Alvarez, 2000). Historical land use 

influenced light-fraction C content, but had little effect on bulk mineral-soil C content 

in a reforested area of New England (Compton and Boone, 2000).  

 

Management Effects on Belowground Carbon 

General Effects of Forest Management 

This review of management effects on belowground C quantity and quality focuses 

on manipulations of understory vegetation and nutrient availability because those 

practices are considered in the research that follows. Studies have been conducted on 

effects of other types of forest management practices, including prescribed fire and 
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thinning (Hart et al., 2006), tree harvest (Aust and Lea, 1991; Johnson et al., 2002; 

Parker et al., 2002), and site preparation (Munson et al., 1993; Powers et al., 2005). 

Management practices have potential to change belowground C pools by changing the 

amount of litter inputs (Franklin et al., 2003; Haynes and Gower, 1995; Madeira et al., 

2002) or by altering C loss (e.g., decomposition) (Franklin et al., 2003; Waldrop et al., 

2003). In general, practices associated with high levels of disturbance tend to result in 

C losses from forest floors and surface soils, but magnitude, significance, and 

longevity of these effects vary across different sites and forest types and may change, 

depending on specific treatments or levels of treatments applied (Aust and Lea, 1991; 

Jandl et al., 2007; Johnson, 1992; Johnson and Curtis, 2001; Parker et al., 2001; 

Powers et al., 2005).   

Growing evidence suggests that belowground C and N dynamics are linked (Hart 

et al., 1994; Park et al., 2002; Pregitzer et al., 2004; Schimel et al., 1994). Studies of 

SOM dynamics have been challenged by inadequate understanding of the mechanisms 

involved in interactions of C and N in OM cycling (Neff et al., 2002) and how they are 

modified by differences in soil and vegetation types and nutrient dynamics (Neff and 

Hooper, 2002; Nohrstedt et al., 1989; Silver et al., 2000; Torn et al., 1997). Nitrogen 

has a role in litter and SOM quality and thus affects belowground C storage. In 

particular, N influences litter decomposition and humus accumulation (Berg, 2000b). 

Because of the extent to which C and N dynamics are linked, and because N pools and 

availability are important to soil quality and sustainable forest management, effects of 

weed control and fertilization on belowground N pools and dynamics are included in 

the brief review below.
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Nutrient Additions and Fertilization 

Increases in soil C pools following fertilization of forest stands have been widely 

reported in reviews (Johnson, 1992; Johnson and Curtis, 2001), but individual studies 

show responses that are site and experiment specific (Jandl et al., 2007). For example, 

N fertilization of forest stands has been reported to increase (Adams et al., 2005; Jandl 

et al., 2003), decrease (Jandl et al., 2002), and have no effect on C storage in mineral 

soils (Giardina et al., 2004; Harding and Jokela, 1994; Homann et al., 2001b). Similar 

ranges of response can be found in reports of changes in forest-floor C pools 

(Nohrstedt et al., 2000; Prietzel et al., 2004) and root biomass (Albaugh et al., 1998; 

Haynes and Gower, 1995; King et al., 2002; Nohrstedt et al., 1989; Shan et al., 2001). 

Increases in belowground C pools following nutrient additions are often attributed 

to elevated litter inputs because fertilization often increases aboveground growth. 

Many studies have reported increases following fertilization in aboveground litter 

production (Franklin et al., 2003; Haynes and Gower, 1995; Li et al., 2006) and in C 

storage in the forest floor (Baker et al., 1986; Giardina et al., 2004; Harding and 

Jokela, 1994; Norstedt et al., 2000). Increased litter production may increase SOM as 

litter is decomposed (Henderson, 1995; Jandl et al., 2003) through humification (Berg, 

2000b; Magill and Aber, 1998) and translocation and retention of DOM (Neff and 

Asner, 2001).  

Reported effects of fertilization on belowground biomass and litter inputs, which 

are important sources of C to mineral soils (Giardina et al., 2004; King et al., 2002; 

Matamala et al., 2003; Yano et al., 2005), are far less clear. On a global scale, it 

appears that belowground C allocation and biomass increase with increasing 
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aboveground productivity (Nadelhoffer et al., 1985; Raich and Nadelhoffer, 1989). At 

a more local scale, fertilization has been reported to decrease the amount of C entering 

mineral soil through roots and mycorrhizae in a tropical forest in Hawaii (Giardina et 

al., 2003; Giardina et al., 2004). Decreases in fine- and coarse-root production and 

turnover (Gower et al., 1992; Haynes and Gower, 1995) in response to nutrient 

additions have been observed in conifers. Some evidence suggests that fine- and 

coarse-root production (Beets and Whitehead, 1996; Nadelhoffer et al., 1985), 

biomass (Haile-Mariam et al., 2000), turnover (King et al., 2002), and mortality rates 

(Haynes and Gower, 1995) are greater when N is more available, potentially 

increasing root C inputs to soil. 

Forest-floor and soil C pools are impacted by decomposition rates, as well as litter 

inputs, and decomposition may be affected by available nutrients and litter quality 

(Franklin et al., 2003). In some cases, increased C inputs with fertilization may be 

balanced by increased C mineralization through enhanced decomposition. For 

example, a 6-yr study on ponderosa pine seedlings in northern California reported no 

change in soil organic C levels in response to N fertilization, but elevated C 

mineralization during surface soil incubation, as well as increased root biomass, were 

observed (Haile-Mariam et al., 2000). In a wet tropical forest, fertilization did not 

increase the soil organic C pool in the top 10 cm of mineral soil or change forest-floor 

mass, but it did increase litter production and decomposition and microbial biomass 

(Li et al., 2006). 

Fertilization increased forest-floor litter decomposition in some studies to the 

extent that forest-floor mass and C and N pools were diminished. For example, 
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fertilization of a red pine (Pinus resinosa)/mixed hardwood forest decreased forest-

floor C and N pools, C:N ratio, and mass (Parker et al., 2001). Increased available N, 

due to fertilization or underplanting of N-fixing species, resulted in decreased forest-

floor mass and C pools (Jandl et al., 2003; Jandl et al., 2002). Fertilization also 

increased decomposition of coarse woody debris in Douglas-fir forests in the Pacific 

Northwest (Homann et al., 2001b). 

Differences in responses of the forest-floor C and N pools to fertilization may be 

partly due to differences in site and soil characteristics. A multiple-site study of the 

effects of urea application on forest floors under Douglas-fir found that fertilization 

increased forest-floor C and N pools at low quality sites, had no effect at intermediate 

quality sites, and decreased C and N pools at high quality sites, presumably due to 

increased biological activity (Prietzel et al., 2004). The same study reported larger 

reductions in forest-floor C:N in response to fertilization in low quality sites (21–23% 

reduction) than in high quality sites (3% reduction). 

Type of OM present may influence the effect of added N on OM decomposition. 

Fertilization increased initial, but decreased long-term, decomposition of Scots pine 

(Pinus sylvestris) needle litter, suggesting that nutrient additions decrease 

decomposition of older litter and increase humus accumulation (Berg, 2000a). In the 

same study, stabilization of older litter did not occur with Norway spruce (Picea 

abies) litter. In addition, N fertilization appeared to stimulate utilization of older soil 

C, in a study on tropical soil (Waldrop and Firestone, 2004).  

Effects of fertilization on SOM quality have also been somewhat mixed. Nitrogen 

fertilization increased C mineralization during laboratory incubation in one study 



 

 

21

mentioned above (Haile-Mariam et al., 2000), but decreased C mineralization by 15% 

in studies on urea fertilization of Douglas-fir (Homann et al., 2001b; Swanston et al., 

2004). Nitrogen additions did not affect C mineralization but increased dissolved 

organic and inorganic N and decreased DOC production during incubation of 

deciduous forest-floor material (Park et al., 2002). Fertilization increased the amount 

of light fraction in an Aiken series haplohumult under young ponderosa pine (Haile-

Mariam et al., 2000), suggesting higher inputs of fresh litter. In a wet tropical forest 

soil, the proportion of total soil C in the dense fraction increased with fertilization, 

suggesting that fertilization increased stabilization of C despite no detectable change 

in whole-soil C (Li et al., 2006).  

 

Competing Vegetation Control 

Control of competing vegetation often increases aboveground tree productivity 

(Busse et al., 1996; Munson et al., 1993; Shan et al., 2001; Will et al., 2006), but 

effects on belowground C storage and SOM quality are less well documented. There 

has been some evidence that competing vegetation control decreases belowground C 

storage, particularly in mineral soil. For example, herbicide application decreased 

belowground C pools to 50 cm depth in a loblolly pine stand (Sartori et al., 2007) and 

decreased mineral-soil C stored to 1-m depth in slash pine (Pinus elliottii) plantations 

in the southeastern U.S. These decreases presumably resulted from decreased above- 

and belowground litter inputs (Shan et al., 2001). Mechanical removal of shrubs in 

ponderosa pine in central Oregon decreased C storage in the top 24 cm of mineral soil 

by 25% (Busse et al., 1996).  
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Weed-control effects on C pools in forest floors and in roots have been more 

mixed. The forest-floor C pool decreased by 21% following shrub removal in the 

above-mentioned study on ponderosa pine (Busse et al., 1996), but other studies have 

reported increases in forest-floor mass and C pools following competing vegetation 

control in pines of the southeastern U.S. (Shan et al., 2001; Will et al., 2006). 

Increases in forest floor following competing vegetation control may be due to 

increased quantity of tree litter production or buildup of low-quality litter.  

Herbicide applications appear to have different effects on different-sized roots and 

have been reported to decrease fine-root biomass (< 10 mm diameter) and increase 

coarse-root biomass (>10 mm diameter) for slash pine (Shan et al., 2001). Decrease in 

fine-root biomass (<3 mm diameter) of loblolly pine following herbicide applications 

has also been observed (Will et al., 2006). 

 Some studies have suggested declines in soil and SOM quality following 

removal of competing vegetation, and several studies have indicated declines in SOM 

quantity following control of competing vegetation with herbicides (Aust and Lea, 

1991; Echeverría et al., 2004; Munson et al., 1993; Will et al., 2006). For example, 

soil C and N pools were reduced following mechanical removal of competing 

vegetation in ponderosa pine forests in Oregon (Busse et al., 1996). Declines in SOM 

quality have been demonstrated through lowered 1) nutrient availability, indicated by 

decreased N concentrations (Echeverría et al., 2004; Will et al., 2006), 2) N 

mineralization potential (Echeverría et al., 2004), and 3) cation availability (Munson et 

al., 1993). Decreased litter quality following control of competing vegetation has been 

observed through decreases in forest-floor N concentrations (Will et al., 2006).  
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Biological indicators have also suggested decline in SOM quality following weed 

control. Microbial biomass and CO2 evolution during incubation of soil from loblolly 

pine plantations decreased with herbicide applications, but effects were small and less 

consistent for the California mixed-conifer plantation included in the study (Busse et 

al., 2006). The authors hypothesized that reduced OM inputs caused the observed 

changes, as direct toxicity of herbicides to microorganisms has not been demonstrated 

in soils (Busse et al., 2001). They also suggested that differences in magnitude of 

responses to competing vegetation control differed between forest types because of 

differences in types of dominant understory vegetation present (herbaceous species for 

the loblolly pine sites and shrub species for the California site). 

Presence of understory vegetation, particularly in the case of N-fixing species 

growing under pine, has also been shown to increase soil C and OM storage and 

quality (Baker et al., 1986; Jandl et al., 2002; Johnson and Curtis, 2001). Presence of 

lupine (Lupinus sp.) under radiata pine (Pinus radiata) increased forest floor and SOM 

content and N pools (Baker et al., 1986). Underplanting of N-fixers in a degraded 

Norway spruce stand increased mineral soil N, Ca, and Mg concentrations (Jandl et 

al., 2002). Soils beneath ceanothus (Ceanothus spp.) stands in Nevada had higher pH, 

base saturation, and exchangeable Ca, Mg, and K concentrations than adjacent soils 

under Jeffrey pine (Pinus jeffreyi) (Johnson, 1995). Soils under ceanothus also had 

higher C and N concentrations, which the author attributed to increased stabilization of 

OM rather than litter input differences (Johnson, 1995). 
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Study Approach 

Context for the Garden of Eden Study 

Ponderosa pine is one of the most widely distributed tree species in western North 

America. It is most commonly found on dry sites with sandy soils and is highly 

drought tolerant, but grows best on the moist, well-drained western slopes of the 

Siskiyous and Sierra Nevada of Oregon and California (Harlow et al., 1996). 

Ponderosa pine is one of the leading conifers in sawtimber production in North 

America, second only to Douglas-fir. It is the most planted tree species in California, 

often the tree of choice following stand-replacing wildfire (Jensen et al., 2002). 

Plant productivity in most terrestrial systems is limited by available nutrients, and 

adding fertilizer can increase tree growth. Aboveground growth response to 

fertilization has been observed for a number of coniferous species (Adams et al., 2005; 

Baker et al., 1986; Gower et al., 1992; Hangs et al., 2003; Haynes and Gower, 1995; 

Will et al., 2006) including ponderosa pine (Powers et al., 1988). However, growth 

response of ponderosa pine to nutrient additions in California varies with site-specific 

levels of shrub competition and soil moisture and can be improved when applied in 

combination with control of competing vegetation (Powers, 1983). On especially dry 

sites, ponderosa pine response to fertilization can be nonexistent where shrubs have 

not been controlled (Powers and Jackson, 1978).  

Ponderosa pine is commonly planted on resource-limited sites, and growth of 

conifers under such conditions generally increases when competing vegetation is 

controlled regardless of fertilization (Nambiar and Sands, 1993; Richardson, 1993). In 
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fact, success of planted or naturally regenerated conifers following timber harvest or 

stand-replacing fire may require control of competing vegetation on poorer sites 

(Conrad and Radosevich, 1982; Powers and Ferrell, 1996). Competition from shrubs 

and grasses can increase water deficits in soils, increasing water stress in trees 

(Petersen and Maxwell, 1987; Shainsky and Radosevich, 1986), as well as competion 

for nutrients (Hangs et al., 2003). For ponderosa pine, control of shrubs can increase 

water and nutrients available for trees, increasing tree growth and vigor, especially 

when trees are young (Busse et al., 1996; Lanini and Radosevich, 1986).  

The Garden of Eden study was established in the 1980’s to determine how 

productivity of ponderosa pine plantations in northern California is constrained by 

shrub competition, predation by insects, and nutrient limitations (Powers and Ferrell, 

1996; Powers and Reynolds, 1999). Across a gradient of sites of varying quality and 

of differing soil types, response of ponderosa pine to control of competing vegetation 

with herbicides, fertilization, and the combination of both treatments is being studied 

(Powers and Ferrell, 1996; Powers and Reynolds, 1999). The original objective of the 

study at the time of establishment in the 1980’s was to assess aboveground growth 

response of ponderosa pine to alleviated moisture and nutrient limitations (Powers and 

Ferrell, 1996), but the design provides a unique opportunity to investigate effects of 

silvicultural manipulations on belowground C storage, distribution, and quality. 

 

Field Experimental Design 

Eight sites along a gradient of site quality in northern California were selected for 

the Garden of Eden Study. All sites fall within a region referred to as the “Westside 
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ponderosa pine forest” (Powers and Ferrell, 1996). The lowest quality sites (site index 

for 50 yr-old ponderosa pine, SI50, of ≤20 m) used in the study lie in the eastern rain 

shadow of the Coast Range and Klamath Mountains and consequently receive low 

amounts of rainfall (approximately 1,000 mm or less). The highest quality sites (site 

indices, SI50, reaching 30 m) are located on the western slopes of the Sierra Nevada 

and receive relatively large amounts of precipitation (>1,500 mm), the majority falling 

as snow. Interspecific competition for ponderosa pine in this region is generally from 

woody shrubs, specifically of the genera Ceanothus and Arcostaphylos. Soils at all 

sites have been classified as Inceptisols, Ultisols, or Alfisols (Powers and Ferrell, 

1996). 

Experimental plantations comprising the Garden of Eden Study were established 

between 1986 and 1988 on industrial forest lands. Sites were cleared of existing 

vegetation (tree plantations, brushfields, or natural forest) and at each site 24 

contiguous 0.04-ha (19.5 m by 21.9 m) rectangular plots were marked (Figure 1.1). 

Seedlings were planted in spring at a square spacing of 2.4 m.  

Research plots were randomly assigned treatments in a 3 x 2 factorial design 

where herbicide, fertilizer, and insecticide were the three factors and application or no 

application were the two levels for each factor. Each combination of treatments was 

replicated in a total of three plots at each site as follows: three each of herbicide only; 

fertilizer only; insecticide only; herbicide and fertilizer; herbicide and insecticide; 

fertilizer and insecticide; herbicide, fertilizer, and insecticide; and control with no 

applied treatments (Figure 1.1). There were no occurrences of insect outbreak during 

the course of the study, and some rapidly growing insecticide-treated plots were 
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thinned for stocking control studies. Thus, insecticide-treated plots were not used in 

my research and will not be discussed further.  

Treatments were continually applied either annually or biennially through year 6. 

For the appropriate plots, fertilizer was applied during the dormant season every 2 

years at an exponential rate, ending with a large fertilizer application at the end of year 

6 (Table 1.1). The fertilizer included N, P, K, Ca, Mg, S, Zn, Cu, and B, in the form of 

dry salts. In plots treated with herbicide, competing vegetation was sprayed each 

spring with glyphosate for the first 6 years after planting.  

At the time of establishment, mineral soil samples were taken from unfertilized 

plots to a depth of 20 cm. The outer two rows of trees for each plot were designated as 

buffers surrounding 20 interior trees that were used for measurements. Mensurational 

measurements included tree height, DBH, and live-crown length and width and were 

recorded every other year after the growing season had ended beginning at year 2. 

Understory composition, plot cover, and height were measured from transects. Foliar 

collections of current and 1-yr-old needles were made at the end of the growing season 

every other year, beginning at year 1, to assess foliar nutrition. 

 

Focus Site Descriptions 

I focus on a subset of the Garden of Eden Study sites in this dissertation: Elkhorn 

Ridge, Whitmore, and Feather Falls. These three sites were selected to encompass the 

gradient in site productivity and soil type found in the westside ponderosa pine region 

addressed by the Garden of Eden Study. These sites are described below; a summary 

of site characteristics can be found in Table 1.2. 
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The Garden of Eden plantation at Elkhorn Ridge served as the lowest-quality site, 

with SI50 of 17 m. It is located in the Klamath Mountains at 1,490 m elevation in 

western Tehama County, California. It is the westernmost, highest, and driest site, 

receiving 1,015 mm of mean annual precipitation. Elkhorn Ridge is characterized by 

loamy-skeletal, mixed mineralogy Inceptisol soils of the Sheetiron series derived from 

metasedimentary mica-quartz schist (Soil Survey Staff, 1998). The plantation was 

established in 1988 after clearing of a plantation of ponderosa pine.  

The Whitmore site is of intermediate site quality with a SI50 of 23 m. Whitmore is 

located in the southern Cascades, about 45 km east of Redding in Shasta County, 

California. The site lies at 730 m elevation and receives mean annual precipitation of 

1,140 mm. Soils at Whitmore consist of fine, parasesquic Ultisols of the Aiken series 

weathered from basic volcanic rock (Soil Survey Staff, 1997). This plantation was 

established in 1986 and was previously a brushfield.  

The plantation with the highest site quality is located at Feather Falls and has a 

SI50 of 30 m. Feather Falls is located in the Sierra Nevada at 1,220 m elevation and 

receives 1,780 mm of mean annual precipitation. Soils at the site are fine-loamy, 

mixed mineralogy, super active Alfisols of the Cohasset series weathered from 

volcanic parent materials (Soil Survey Staff, 1997). The Garden of Eden plantation at 

this site was established in 1988. Before establishment, the site was a natural mixed 

conifer and hardwood stand. 

Fifteen-year data for aboveground tree bole volume at the three plantations show 

strong site and treatment effects (Powers, personal communication, Table 1.2). At 

Elkhorn Ridge and Whitmore, fertilization, regardless of competing vegetation 
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control, increased standing bole volume by approximately 60–75% and competing 

vegetation control, regardless of fertilization, more than tripled bole volume. At 

Feather Falls, fertilization without competing vegetation control increased standing 

bole volume appoximately 90% compared with the control, and the combination of 

fertilization and competing vegetation control increased bole volume almost 70% 

compared with the control (data from Powers, personal communication, Figure 1.2). 

 

Research Questions and Hypotheses 

While a good deal is known about how management strategies affect aboveground 

production, much less is understood about how management options affect the 

belowground C pool in forested systems. Full assessment of the effects of 

management on belowground C storage must include assessment of decomposability 

of soil C, as well as the influence of management on accumulation of C. My objective 

was to determine how nutrient additions and competing vegetation control during the 

first 6 years after planting in ponderosa pine plantations of different site quality during 

the first six years after planting affect belowground C pools and mineral-soil OM 

quality when assessed approximately fifteen years after treatments ceased. To attain 

this goal I posed the following questions: 

1. Do repeated nutrient additions and competing vegetation control, 

applied alone or in combination, to ponderosa pine plantations of various site 

qualities during the first 6 years after planting change quantity and distribution 

of C in the belowground C pool 20 years after planting? 
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2. Do repeated nutrient additions and competing vegetation control, 

applied alone or in combination, to ponderosa pine plantations of varying site 

quality during the first 6 years after planting change the quality of surface 

mineral soil OM 20 years after planting? 

3. Do the answers to the questions above differ among sites of differing 

site quality and soil type? 

Chapter 2 addresses questions 1 and 3 and includes quantification of C and N 

pools in the forest-floor, fine-root, and mineral-soil pools to 1-m depth at the Elkhorn 

Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. I tested effects of 

fertilization and vegetation control on individual and total pools and on distribution of 

total belowground C and N among the individual pools. I expected fertilization to 

increase total N pools and forest-floor C and N pools as a result of increased litter 

production and to decrease forest-floor C:N ratios as a result of residual N from 

fertilizer applications. I also expected that competing vegetation control would 

decrease forest-floor mass and forest-floor and mineral-soil C and N pools in surface 

soils, especially at the Whitmore and Feather Falls, where the role of shrub 

competition in reducing pine productivity and nutrient status was lower than at 

Elkhorn Ridge (Powers and Ferrell, 1996). Inconsistent reports of fine-root responses 

to treatments such as these precluded development of hypotheses regarding fine-root C 

and N pools. I also expected that magnitude and significance of these effects would 

differ among sites due to differences in aboveground responses to treatment and 

differences in soil type and that Elkhorn Ridge would have less C and N in the total 

belowground pool because of its low site quality and poorly developed soil.  
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Chapter 3 addresses questions 2 and 3. Specifically, I assessed effects of fertilizer 

and competing vegetation control with herbicides on 0–20-cm SOM quality, using 

density fractionation and laboratory incubation. I expected treatments that increased 

productivity to have larger proportions of C in the light-density fraction as a result of 

to increased litter production. I expected fertilization to increase light-fraction N and 

dissolved N production during incubation. I also hypothesized that the presence of 

shrubs would have resulted in more total soil C recovered in the light fraction and 

greater release of DON and DOC, and CO2 during incubations. I hypothesized that C 

mineralization and DOC production during incubation per unit soil would be highest 

from Feather Falls, but that C loss per unit initial C would be highest from the 

Inceptisols at Elkhorn Ridge. I expected that treatment effects on soil OM quality 

would differ among sites as a result of to differences in soil characteristics. 

Finally, Chapter 4 revisits the study objective and research questions. Synthesis of 

previous chapters, suggestions for future research and management, and concluding 

remarks are included in this final chapter. 
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Table 1.1. Fertilizer treatments in the Garden of Eden Study by nutrient and 
application including total amount applied (Powers and Ferrell, 1996).  
 

Nutrient At Planting Year 2 Year 4 Year 6 Total 
Application 

 Amount applied (kg ha-1) 

N 15.6 46.6 213.7 798.7 1,074.4 

P   7.9 23.2 103.4 395.2   529.7 

K   7.7 23.2 109.6 399.4   539.9 

Ca 10.1 23.6 118.6 264.0   416.3 

Mg   5.5 16.8   61.7 137.2   221.2 

S   5.2 28.3   16.0   62.4   111.9 

Zn   1.1   3.2   14.0   55.1     73.4 

Cu   0.5   1.6     6.8   26.9     35.8 

B   0.5   1.6     6.8   26.8     35.7 
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Table 1.2. Summary of site characteristics for the three sites used from the Garden of 
Eden Study.1  
 
 Elkhorn Ridge Whitmore Feather Falls 

Productivity Low Intermediate High 

Year Planted 1988 1986 1988 

Annual Preciptiation (mm) 2 1,015 1,140 1,780 

Elevation (m) 2 1,490 730 1,220 

August Air Temperature (°C)3 N.A. 25.4 19.2 

August Soil Temperature (°C)3 N.A. 24.0 20.6 

Parent Material2 Metasediment Volcanic Volcanic 

Soil Great Group2 Dystroxerept Haplohumult Haploxeralf 

0-20 cm organic C (%)4 1.8 2.6 4.8 
0-20 cm N (%)4 0.09 0.11 0.17 
0-10 cm soil clay content (%)5 18 34 28 
0-10 cm soil pH5 5.9 5.6 5.9 

C  7.0 ± 3.07 15.4 ± 4.77 108.8 ± 14.2a8 

H 26.0 ± 3.0 64.1 ± 4.7 140.8 ± 14.2ac 

F 14.3 ± 3.0 38.9 ± 4.7 206.4 ± 14.2b 

15-year Standing Bole 

Volume (m3 ha-1)6 

HF 43.1 ± 3.0 91.7 ± 4.7 182.5 ± 14.2bc 
 

1 Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide. 

2Powers and Ferrell, 1996. 
3Powers and Reynolds, 1999; Data not available for Elkhorn Ridge. 
4Data from the intitiation of the Garden of Eden study from Powers, personal 

communication; organic C concentration determined by the Walkley-Black 
method and N concentration determined by the Kjeldahl method. 

5Busse et al., 2001. 
6Data from Powers, personal communication; Values are means followed by standard 

errors. 
7H main effect (p < 0.01), H > no H; F main effect (p < 0.01), F > no F. 
8H x F interaction (p = 0.0850); different letters denote statistically different 
treatments as assessed by multiple pair-wise comparisons with a Tukey adjustment, α 
= 0.1. 
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HF I HFI HF 

F C F FI 

FI HI H I 

HFI HF FI HI 

C F H HFI 

HI H I C 

 
 
Figure 1.1. Example of treatment assignments to plots in the Garden of Eden Study. 
Treatments: C = control, H = herbicide, F = fertilizer, I = insecticide. 
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Figure 1.2. Treatment effects on aboveground standing bole volume at year 15 for the 
Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. Bars indicate 
standard errors. Treatments: C = control, H = herbicide only, F = fertilizer only, HF = 
fertilizer and herbicide. 
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CHAPTER 2 
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Abstract 

Belowground carbon (C) and nitrogen (N) storage in forest soils is important for 

maintenance of forest productivity and sequestration of CO2 by forests, but how these 

belowground pools change in response to management is poorly understood. We 

investigated effects of repeated nutrient additions and competing vegetation control 

applied early in stand development on forest-floor, fine-root, and mineral-soil C and N 

pools to 1-m depth at three ponderosa pine (Pinus ponderosa var. ponderosa Dougl. 

ex Laws.) plantations across a gradient of site quality in northern California. 

Responses of tree-bole volume to treatment were substantial and coincided with 

increases in forest-floor mass, C pools, and N pools although the magnitude of these 

effects varied among sites. Twenty years after plantation establishment, mean 

belowground C pools (consisting of forest-floor, fine-root, and mineral-soil pools to 1 

m) were 83, 177, and 206 Mg C ha-1 for the low- intermediate- and high-quality sites, 

respectively. Belowground N pools for the three sites were 5.6, 7.4, and 6.8 Mg N ha-

1, respectively. We did not observe changes in biomass, C pools, or N pools of fine 

roots with treatment although slight changes in fine-root C and N concentrations 

occurred. Competing vegetation control did not affect mineral-soil C and N 

concentrations or pools. However, increased N concentrations in mineral-soil pools 

following fertilization were observed at the lower quality sites. Treatment effects on 

mineral-soil C pools were minimal. Fertilization increased total mineral-soil N pools 

at two sites, but the difference was statistically significant only at the site of 

intermediate quality. Fertilization appeared to increase total belowground C and N 

pools, at least at the lower quality sites and increased the proportion of total 
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belowground C and N residing in the forest floor. In the absence of shrubs, forest 

floors contributed proportionally more C and N to the total belowground pools at the 

low-quality site. Statistical assessment of treatment effects on total belowground, fine-

root, and mineral-soil C and N pools was hindered by high variances resulting from 

the high spatial heterogeneity inherent in these forest soils. While it may possible to 

increase C sequestration by forests with management practices such as these, our 

results suggest that the major mechanism for these increases will be increased 

incorporation of C in tree biomass rather than soil C storage.  

 

Introduction 

Forests in the lower 48 states of the U.S. store approximately 71 Gt of carbon (C), 

over half of which resides in soils. Another 16% of this C is stored in forest floor 

detrital material or in coarse woody debris (Heath et al., 2003). Consequently, factors 

influencing belowground C storage in forests are of increasing scientific interest as 

management of forests for C sequestration has become an increasingly popular 

objective. Such factors include changes in climate, vegetation and soil type, nitrogen 

(N) deposition, and forest management practices. 

Soil C and N are also important in the context of sustainable forest management. 

Soil C or soil organic C can be used as a surrogate for soil organic matter (SOM) 

(Ogle and Paustian, 2005; Page-Dumroese et al., 2000), which is a key component in 

soil process and function through its influence on soil water dynamics, microclimate, 

and nutrient cycling, and as a C source for heterotrophic soil biota (Amaranthus et al., 

1989; Raison and Rab, 2001). Because of its integral role in maintaining soil quality, 
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the capacity for a soil to function as an ecosystem component (Schoenholtz et al., 

2000), protection of SOM has been identified as a major goal of sustainable forest 

management in western U.S. forests (Page-Dumroese et al., 2000; Powers et al., 1998; 

Powers et al., 1990).  

Forest management practices have potential to alter ecosystem C storage (Adams 

et al., 2005; Albaugh et al., 1998; Baker et al., 1986; Dewar and Cannell, 1992; Gower 

et al., 1992; Madeira et al., 2002). Increases in aboveground growth and C storage 

with silvicutural treatments such as fertilization, irrigation, and management of 

understory vegetation have been widely reported (Albaugh et al., 1998; Baker et al., 

1986; Busse et al., 1996; Giardina et al., 2003; Hangs et al., 2003; Madeira et al., 

2002). However, influences of such treatments on belowground C storage have been 

more difficult to assess.  

Growing evidence has suggested that belowground C and N dynamics are linked 

(Hart et al., 1994; Park et al., 2002; Pregitzer et al., 2004). Studies of SOM dynamics 

have been challenged by inadequate understanding of the mechanisms involved in 

interactions of C and N in organic matter cycling (Neff et al., 2002) and how they are 

modified by differences in soil and vegetation types and nutrient dynamics (Neff and 

Hooper, 2002; Nohrstedt et al., 1989; Silver et al., 2000; Torn et al., 1997). For 

example, effects of elevated N on litter decomposition and humus accumulation vary 

with species (Berg, 2000a) and with stage of litter decay (Berg, 2000b).  

Increases in soil C and N pools following fertilization of forest stands have been 

widely reported in reviews (Johnson, 1992; Johnson and Curtis, 2001). However, 

results of individual studies are site- and experiment-specific (Jandl et al., 2007) and 
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accurate investigation of these responses in field trials has been hindered by the 

inherently high spatial heterogeneity of forest soils (Homann et al., 2001a). For 

example, N fertilization of forest stands has been reported to increase (Adams et al., 

2005; Jandl et al., 2003), decrease (Jandl et al., 2002; Shan et al., 2001), and have no 

effect (Canary et al., 2000; Giardina et al., 2004; Harding and Jokela, 1994; Homann 

et al., 2001b) on C storage in mineral soils. Similar ranges of response can be found in 

reports of changes in forest-floor C pools (Nohrstedt et al., 2000; Prietzel et al., 2004) 

and root biomass (Albaugh et al., 1998; Haynes and Gower, 1995; King et al., 2002; 

Shan et al., 2001). 

Competing vegetation control, a common silvicultural practice in western forests, 

improves seedling survival when applied at planting and can increase growth rates in 

conifers significantly (Busse et al., 1996; Hangs et al., 2003; Powers and Ferrell, 1996; 

Powers and Reynolds, 1999). There has been evidence that competing vegetation 

control, particularly under conifers, may decrease soil quality through declines in C 

and N concentrations and content in soils (Busse et al., 1996; Echeverría et al., 2004; 

Shan et al., 2001) and forest floors (Will et al., 2006). Competing vegetation control 

may increase N losses early in stand development through increased NO3
- leaching 

and erosion (Vitousek and Matson, 1985; Vitousek et al., 1992). Declines in soil 

quality such as these may be the result of reduced quantity or quality of litter inputs, 

particularly where competing vegetation control includes removal of N-fixing 

understory species which have been linked to increases in soil organic C and N 

content (Baker et al., 1986; Johnson, 1995). 
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We assessed effects of repeated fertilization and competing vegetation control, 

applied alone and in combination, on belowground C and N pools at three ponderosa 

pine (Pinus ponderosa var. ponderosa Dougl. ex Laws.) plantations along a gradient 

of site productivity in northern California. Specifically, we quantified amounts of C 

and N in the forest-floor, fine-root, and mineral-soil pools to 1-m depth and tested 

effects of fertilization and vegetation control on individual and total pools and 

distribution of total belowground C and N amongst the individual pools. We 

hypothesized that fertilization would lead to increases in forest-floor and total 

belowground N and C pools due to increased litter production. We also expected a 

decrease in forest-floor C:N ratios with fertilization due to increased N availability. 

We suspected that competing vegetation control would decrease forest-floor mass and 

forest-floor and mineral-soil C and N pools in surface soils, especially at the higher 

quality sites where the role of shrub competition in reducing pine productivity was less 

than at the lowest-quality site (Powers and Ferrell, 1996). Inconsistency in reports of 

fine-root responses to treatments such as these precluded development of hypotheses 

regarding fine-root C and N pools. We also expected these effects to differ in 

magnitude among sites due to differences in aboveground responses to treatment and 

differences in soil type. 
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Methods 

Site Descriptions 

The three sites used for this study were selected to encompass the range in 

productivity and soil type found in the northern California westside ponderosa pine 

region (Table 2.1). This area is characterized by a Mediterranean climate with dry 

summers and wet winters. These sites are part of a larger, long-term study that was 

initiated to assess effects of commonly applied forest management treatments 

(competing vegetation control and nutrient additions) on ponderosa pine productivity 

(the Garden of Eden Study; see Powers and Ferrell, 1996 and Powers and Reynolds, 

1999).  

The least productive site is Elkhorn Ridge, which is located in the Klamath 

Mountains. It is the westernmost, highest in elevation, and driest of the three sites. 

Elkhorn Ridge is characterized by loamy-skeletal, mixed mineralogy Inceptisol soils 

of the Sheetiron series derived from metasedimentary mica-quartz schist (Soil Survey 

Staff, 1998). Whitmore is of intermediate site productivity and is located in the 

southern Cascades. Soils at Whitmore consist of fine, parasesquic Ultisols of the 

Aiken series weathered from basic volcanic rock (Soil Survey Staff, 1997). The most 

productive site is Feather Falls, which is located in the Sierra Nevada. Soils at this site 

are fine-loamy, mixed mineralogy, super active Alfisols of the Cohasset series 

weathered from volcanic parent materials (Soil Survey Staff, 1997). Whitmore was 

planted with ponderosa pine in 1986 and Elkhorn Ridge and Feather Falls were 

planted with ponderosa pine in 1988. Prior to planting, Elkhorn Ridge was a 
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ponderosa pine plantation, Whitmore was a brushfield of mixed manzanita 

(Arcostaphylos sp.), and Feather Falls was a natural mixed-conifer and hardwood 

stand. Understory at all three sites is dominated by Arcostaphylos sp. and Ceanothus 

sp. 

 

Field Experimental Design 

A two-way factorial design with two levels of competing vegetation control and 

two levels of nutrient addition was used for all sites. The design resulted in four 

treatment combinations as follows: competing vegetation control only; fertilizer only; 

competing vegetation control plus fertilizer; and no applied treatments (control). Each 

treatment combination was replicated 3 times at each site so that treatment effects 

could be assessed at each location independently as treatment x site interactions were 

expected. Treatments were applied at planting and repeatedly until crown closure (6 

years after planting). For the appropriate plots, a complete fertilizer was applied 

during the dormant season every 2 years at an exponential rate, ending with a large 

fertilizer application at the end of year 6. Competing vegetation control was 

accomplished by spraying understory plants with glyphosate each spring for the first 6 

years after planting. Additional information concerning the experimental design and 

early responses of aboveground tree growth are available in Powers and Ferrell 

(1996). 
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Sampling of Belowground Pools 

Forest floor was sampled in June 2005, in the midst of the 20th growing season, for 

the Whitmore plantation and in June 2006, in the midst of the 19th growing season, for 

the Elkhorn Ridge and Feather Falls plantations. For each treatment plot, the 

measurement plot was divided into a 3 x 4 cell grid. Five subsamples were taken from 

each plot, one from the approximate center and 1 from each of the corner cells. Forest 

floor samples were collected using a 0.5 m by 0.5 m sampling frame and included all 

material within the frame, including foliage and woody components. 

Whitmore mineral soil samples were collected in September 2005. At each plot, 

soil from each depth was collected using a soil auger from several points in the plot. 

One 0–15 cm soil sample was collected from each of the 12 cells. At 8 cells, a 15–30 

cm soil sample was collected. At 3 non-adjoining cells, soil samples were collected 

from the 30–60 and 60–100 cm depth increments. For each depth, soil was mixed in a 

bucket and a subsample was placed in a plastic bag and taken to Oregon State 

University for analysis. 

Whitmore fine-root cores were collected in August 2005. Fine-root and mineral 

soil samples were collected at Elkhorn Ridge and Feather Falls in June 2006. For 

samples to 60-cm depth, root cores were collected using an Eijkelkamp bi-partite root 

auger (7.6-cm diameter and 15-cm length). Volumetric root cores were taken in 0–15, 

15–30, and 30–60 cm depth increments. When depth increments were longer than the 

sampler length, the sample was collected from approximately the middle of the depth 

increment (e.g. for the 30–60 cm increment a core sampled with the Eijkelkamp auger 

came from approximately 38–53 cm). Difficulties in volumetric sampling at 60–100 
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cm depth (rocks and high soil bulk densities) required that samples be collected using 

a soil auger. Volumes for these samples were estimated based on diameter and depth 

of the hole from which soil was taken. The same 3 x 4 cell grid was used for root 

sampling as was used for forest floor sampling. One 0–15 cm root core was collected 

from each of the 12 cells. At eight cells, a 15–30 cm root core was collected. At three 

non-adjoining cells, root cores were collected from the 30–60 and 60–100 cm depth 

increments. For every root core, depth to the top and bottom of the hole left by the 

sampler was measured to adjust core volumes when collected cores were not full.  

 

Sample Analysis 

Forest floor subsamples were dried to constant weight at 70ºC and weighed. 

Weights for the 5 samples from each plot were averaged to provide a plot mean. 

Sampling frame area and plot mean were then used to calculate a forest-floor mass 

(Mg ha-1) for each plot. Samples were composited by plot and ground to 850 μm. 

Subsamples of ground composites were further ground to 250 μm and analyzed for 

total C and N using the Dumas combustion technique on a Fisons NA1500 NCS 

Elemental Analyzer (ThermoQuest Italia, Milan, Italy). 

Soil and root samples were stored field-moist at 4ºC until they were analyzed. A 

subset of root cores was analyzed separately by core so that spatial variance in fine-

root distribution could be assessed. Remaining root cores were composited by plot and 

depth, mixed, and a 10% subsample by weight was hand-picked for fine roots (< 2 

mm diameter). Roots were oven dried for at least 5 days at 60 ºC, weighed, ground to 

250 μm, and analyzed for N and C in the same manner as the forest floor and soil 
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samples. Root weights were corrected for ash-content and fine-root biomass to 1-m 

depth was calculated for every plot. Soil samples were mixed and subsamples sieved 

to 2 mm and ground to 250 μm. Ground samples were analyzed for total C and N in 

the same manner as the forest floor samples.  

 

Data Analysis 

For each plot, forest-floor, fine-root, and mineral-soil C and N concentrations were 

extrapolated to pool values to 1 m (expressed in Mg C or N ha-1). Values for each of 

the above components were summed to yield total belowground C and N pools for 

each plot, exclusive of coarse roots. To address changes in distribution, the portion of 

the total pool for each of the forest- floor, fine-root, and mineral-soil pools was 

calculated (portion of 100% of the total pool). Differences between sites were assessed 

using t-tests comparing means across treatments at each site. 

Treatment differences were assessed using analysis of variance with the Mixed 

Procedure in SAS (v. 9.1). All pool data and forest floor data were analyzed with a 

completely randomized design. Fine-root and mineral soil data including root density, 

root and soil chemistry, and soil bulk density were analyzed by depth with repeated-

measures to account for correlation among depth increments in each plot using an 

unstructured (UN(1)) correlation structure. Changes in distribution of total C and N 

amongst individual pools (e.g. mineral soil or fine-root) were analyzed using a split-

plot design where the total pool served as the whole-plot and individual pools served 

as subplots. When there was a significant treatment effect (fertilization or vegetation 
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control main effect or an interaction of the two) differences among treatments were 

tested with multiple linear contrasts using a Tukey adjustment or a Dunnett’s 

adjustment to compare controls to treatments. When there was a significant depth-by-

treatment interaction (α = 0.1), differences among treatments by depth were identified 

and assessed by slicing and linear contrasts.  

We encountered problems sampling at 60–100 cm depth at one herbicide- and 

fertilizer-treated plot at Whitmore due to rocks. The plot was located in one corner of 

the study site and had many more rocks at depth than any of the other plots at the site. 

We attained one very small sample and used it for soil and root analysis. However, 

root biomass and soil C and N concentrations were much smaller than for any other 

plot at the site and biased these data. We chose to not to use 60–100 cm data for 

analysis and did not include the plot in total C and N pool analyses.  

 

Results 

Pine Bole Volume at Year 15 

Fifteen-year standing bole volume increased dramatically with increasing site 

productivity and averaged 22.6 m3 ha-1 at Elkhorn Ridge, 52.5 m3 ha-1 at Whitmore, 

and 159.6 m3 ha-1 at Feather Falls across treatments (Powers, unpublished data) (Table 

2.1). At Elkhorn Ridge and Whitmore, fertilization, regardless of competing 

vegetation control, increased standing bole volume by approximately 60–75% and 

competing vegetation control, regardless of fertilization, more than tripled bole 

volume (Table 2.1). At Feather Falls, fertilization without competing vegetation 
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control increased standing bole volume about 90% compared to the control and the 

combination of fertilization and competing vegetation control increased bole volume 

almost 70% compared to the control.  

 

Forest Floor 

Forest-floor mass was about one-third lower at Elkhorn Ridge (10 Mg ha-1), than 

at Whitmore (28 Mg ha-1) and Feather Falls (30 Mg ha-1) (Table 2.2). Across sites, 

fertilization increased forest-floor mass, regardless of competing vegetation control, 

by an average of 5.3 Mg ha-1 or 46% (p = 0.04), but the magnitude of effect differed 

among sites (Table 2.2). Fertilization increased forest-floor mass at the low- and high-

quality sites by about one-third, amounting to a 3 Mg ha-1 increase at Elkhorn Ridge (p 

= 0.0762) and an 11 Mg ha-1 increase at Feather Falls (p = 0.0027). At Whitmore, the 

intermediate-quality site, the effect was larger with an increase in forest-floor mass of 

16 Mg ha-1, or 85%, following fertilization (p = 0.0004). Competing vegetation control 

only affected the amount of material in the forest floor at Elkhorn Ridge, where forest- 

floor mass increased by 45% or nearly 4 Mg ha-1 with herbicide application regardless 

of fertilization (p = 0.0336). 

Forest-floor material was 53-54% C at all three sites (Table 2.2). Elkhorn Ridge 

had lower N concentrations (0.5%) and higher C:N ratios (111) in forest-floor material 

than the other two sites, which had approximately 0.8% N with C:N ratios 

approximately 65. Forest-floor chemistry was influenced by treatments at all three 

sites (Table 2.2). Carbon concentrations increased slightly from 53.6% to 54.0% with 

fertilization, regardless of competing vegetation control, at Elkhorn Ridge (p = 
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0.0259) but not at Whitmore or Feather Falls. Competing vegetation control slightly 

increased C concentrations of the forest floor at Elkhorn Ridge (by 0.5% C, p = 

0.0259) and at Whitmore where the effect was larger without fertilizer (1.5% increase 

in C compared to control) than with fertilizer (1% increase in C compared to control, p 

= 0.0626). Forest-floor C concentrations were slightly higher with treatment than in 

the control plots at Feather Falls, but the difference was only about 0.5% C and was 

not statistically significant. Fertilization increased forest-floor N concentrations by 

0.09% N at Elkhorn Ridge (p = 0.0692) and Whitmore (p = 0.0761) and by 0.14% N 

at Feather Falls (p = 0.0366). Competing vegetation control decreased N 

concentrations at Feather Falls (by 0.12% N, p = 0.0695), but not at the other two 

sites. Forest-floor C:N ratios decreased with fertilization by 18 (an 85% decline) at 

Elkhorn Ridge (p = 0.0858), by 8 (an 89% decline) at Whitmore (p = 0.0682), and by 

11 (a 16% decline) at Feather Falls (p = 0.0365). Competing vegetation control 

appeared to increase C:N ratios at Elkhorn Ridge (by 14, difference not statistically 

significant) and at Feather Falls (by 9 or a 16% increase, p = 0.0722). 

Fertilizer, regardless of herbicide treatment, increased forest-floor C and N pools 

at all sites (Table 2.2). At Elkhorn, fertilization increased the forest-floor C pool by 2 

Mg C ha-1 or 46% (p = 0.0718) and N pool by 0.02 Mg N ha-1 or 62% (p = 0.0540). At 

Whitmore, fertilization increased the C pool by 8.5 Mg C ha-1 or 82% (p = 0.0004) 

and the N pool by approximately 0.2 Mg N ha-1 or 106% (p = 0.0009). At Feather 

Falls, fertilization increased the C pool by approximately 6 Mg C ha-1 or 48% (p = 

0.0027) and the N pool by about 0.1 Mg N ha-1 or 75% (p = 0.0017). Competing 

vegetation control only affected forest-floor pools at Elkhorn Ridge, where herbicide 
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increased the forest-floor C pool by about 1.5 Mg C ha-1 or 35% (p = 0.0307) (Table 

2.2). 

 

Fine Roots 

Fine-root density (mg cm-3) decreased with depth at all sites for all treatments (p < 

0.0001, Figure 2.1a) and was higher across depths at Feather Falls than at Elkhorn 

Ridge and Whitmore. Root densities decreased from 2.13 to 0.66 mg cm-3 at Elkhorn 

Ridge, 2.94 to 0.59 mg cm-3 at Whitmore, and 3.84 to 0.91 mg cm-3 at Feather Falls 

with depth across treatments. Variances in site treatment means for root density were 

high, with standard errors as high as 0.7 mg cm-3 for shallow depths, and no effect of 

treatment on root density was detectable at Elkhorn Ridge or Whitmore (Figure 2.1a). 

At Feather Falls, however, fertilization decreased root density at the 0–15 cm depth 

increment by 63% (p = 0.0456) and increased root density at the 30–60 cm depth 

increment by 70% (p = 0.0094) (Figure 2.1a).  

Fine-root C concentrations averaged 54% and N concentrations averaged 0.7% 

across sites and depths (Figure 2.1b-c). Root C concentrations were not affected by 

fertilizer or competing vegetation control at Elkhorn Ridge, but were slightly lower 

with herbicide treatment at Whitmore, where the effect decreased with depth from a 

lowering of C concentration by approximately 5% C in the top 30 cm (p = 0.0988 and 

0.0144) to a decrease of only 1% C at lower depths (not statistically significant) 

(Figure 2.1b). A similar effect was observed at Feather Falls where competing 

vegetation control decreased fine-root C concentrations by 4% C across depths (p= 

0.0300). Fertilization increased fine-root N concentrations in the top 15 cm at Elkhorn 
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Ridge (1.06% N for fertilized vs. 0.62% N for unfertilized plots, p = 0.0010). Across 

depths at Elkhorn Ridge, fine-root N (%) was higher in plots that received fertilizer 

alone compared with controls (p = 0.0020) and plots that received herbicide alone (p = 

0.0117). At Elkhorn Ridge, plots receiving both fertilizer and herbicide had higher 

fine-root N (%) than controls (p = 0.0951). Fertilizer, regardless of herbicide 

application or depth, increased fine-root N concentrations by approximately 0.13% N 

at Whitmore (p = 0.0102) and Feather Falls (p = 0.0297). Fine-root N concentrations 

at Feather Falls were 0.13% N lower where shrubs had been controlled, regardless of 

fertilizer application and depth (p = 0.0297).  

Fine-root biomass in the surface 1 m was greater at Feather Falls (17 Mg ha-1) than 

the other two sites (approximately 11.5 Mg ha-1) (Table 2.3). Despite having some 

effects on fine-root density and chemistry, treatments had no statistically significant 

effect on total fine-root biomass, fine-root C content, or fine-root N content to 1-m 

depth at any of the three sites (Table 2.3). However, based on site variability, we 

would have needed to observe changes in fine-root C pool of >2.0 Mg C ha-1 at 

Elkhorn Ridge, >3.0 Mg C ha-1 at Whitmore, and >3.8 Mg C ha-1 at Feather Falls to 

detect statistically significant main effects of fertilizer or herbicide and differences 

would have needed to be larger to detect differences between the 4 treatments. 

Changes in fine-root N pool of >0.04 Mg N ha-1 would have been necessary to detect 

any treatment effects at all three sites. We did not observe differences of this 

magnitude in the fine-root C or N pools among treatments.  
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Mineral Soil 

Mineral-soil C concentrations, N concentrations, and C:N ratios decreased with 

depth across sites and treatments (p < 0.0001, Figure 2.2). Soils from Feather Falls had 

higher C and N concentrations than the other sites at all depths, and soil C pools to 1 

m at Feather Falls averaged about 20 Mg ha-1 more C than those at Whitmore and 

nearly 100 Mg ha-1 more C than those at Elkhorn Ridge (Table 2.4). Soil N 

concentrations were higher at Feather Falls than Elkhorn Ridge and Whitmore. The 

soil N pool to 1-m depth at Whitmore, however, was about 0.8 Mg ha-1 higher than 

that at Feather Falls (Table 2.4, not statistically significant), primarily resulting from 

higher bulk densities at Whitmore (Table 2.1). Soils from Elkhorn Ridge tended to 

have the lowest C and N concentrations, and C:N ratios of the three sites. Low 

concentrations and low bulk densities at Elkhorn Ridge resulted in much lower total C 

and N pools at Elkhorn than the other two sites (Table 2.4). 

Fertilization affected mineral soil chemistry at specific depths at Elkhorn Ridge 

and Whitmore, but not at Feather Falls (Figure 2.2). At Elkhorn Ridge, fertilizer 

increased 0–15 cm mineral-soil N concentrations (p = 0.0867) by about 0.02% N, but 

had no effect on C concentrations or C:N ratios. At Whitmore, plots that received only 

fertilizer treatment had higher mineral-soil C and N concentrations compared to 

control plots (p = 0.0856 and 0.0348, respectively). Also at Whitmore, fertilization, 

regardless of competing vegetation control, decreased mineral-soil C:N ratios for 0–15 

cm by about 3 (p = 0.0299), but had the opposite effect at 15–30 cm depth increasing 

C:N ratios by the same amount (p = 0.0898). Competing vegetation control did not 
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affect mineral-soil C or N concentrations or C:N ratios at any site or any depth (Figure 

2.2). 

Mineral-soil C and N pools to 1-m depth were highly variable across plots at each 

site (Table 2.4). High soil variability at each of the sites resulted in high minimum 

detectable differences. For detection of statistically significant herbicide or fertilizer 

main effects on mineral-soil C pools to 1-m depth, for example, we would have 

needed to observe differences >24 Mg C ha-1 at Elkhorn Ridge and Whitmore and >40 

Mg C ha-1 at Feather Falls. In order to detect statistically significant differences 

between treatment combinations, we would have needed to observe differences >34 

Mg C ha-1 at Elkhorn Ridge and Whitmore and >60 Mg C ha-1 at Feather Falls. The 

only case where this large a difference among treatment combinations occurred was at 

Elkhorn Ridge (H*F interaction, p = 0.0498) where plots that received fertilizer alone 

had higher C pools than control plots by approximately 34 Mg ha-1, or 60% more C. 

The pair-wise comparison was not statistically significant using a Tukey adjustment, 

but was significant using a Dunnett’s adjustment to test treatment combinations 

against the control (p = 0.0957). Treated plots at Whitmore had 20-28 Mg C ha-1, or 

14-20%, higher mineral-soil C pools than control plots (differences not significant) 

(Table 2.4). 

A similar presence of high variability occurred for mineral-soil N pools and the 

only statistically detectable treatment effect occurred at Whitmore, where fertilization 

increased mineral-soil N pools by about 9% or 0.6 Mg N ha-1 (p = 0.0980) (Table 2.4). 

Mineral-soil N pools at Elkhorn Ridge were increased by 0.9 Mg N ha-1 or 18%, but 

the difference was not statistically significant (Table 2.4). 
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Total Belowground C and N Pools 

Forest-floor, fine-root, and mineral-soil C and N pools were summed to provide 

estimates of total belowground C and N pools, exclusive of coarse roots, and these 

results followed similar patterns observed for mineral-soil pools. Total belowground C 

pools were highest at Feather Falls where they averaged 206 Mg C ha-1 across 

treatments, slightly lower at Whitmore (177 Mg C ha-1), and lowest at Elkhorn Ridge 

where they averaged 83 Mg C ha-1 across treatments (Figure 2.3a). Total belowground 

N pools were similar at at Feather Falls (6.8 Mg N ha-1) and Whitmore (7.4 Mg N ha-1) 

and lowest at Elkhorn Ridge (5.6 Mg N ha-1, Figure 2.4a). 

 Variability in total belowground C and N pools among replicate plots was 

high, as was the case with mineral-soil pools. Belowground C pools at Elkhorn Ridge 

were larger in plots treated with fertilizer alone and had 37 Mg ha-1 more C than the 

control (p = 0.0903, Dunnett’s adjustment) (Figure 2.3a). Fertilizer, regardless of 

competing vegetation control, appeared to increase the total N pool at Elkhorn by 0.9 

Mg N ha-1, but the effect was not statistically significant (Figure 2.4a). At Whitmore, 

fertilizer applications, regardless of competing vegetation control, increased total 

belowground C and N pools by 12%, or 20 Mg C ha-1 (p = 0.0853) (Figure 2.3a) and 

by 12%, or 0.8 Mg N ha-1 (p = 0.0448) (Figure 2.4a), respectively. Competing 

vegetation control increased C and N pools compared to the control, but effects were 

not significant at the Whitmore site. Differences among treatment means at Feather 

Falls were not large enough to detect statistically significant differences for total 

belowground C (Figure 2.3a) or N pools (Figure 2.4a). However, belowground C 

pools in plots that received both fertilizer and herbicide applications were 17  
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Mg C ha-1 larger than control plots (Figure 2.3a) and N pools were about 1 Mg N ha-1 

larger (Figure 2.4a). 

The majority of the belowground C and N pool was found in mineral soils for all 

three sites (86-89% of the C pool and 94-98% of the N pool) (Figures 3b and 4b). Fine 

roots contributed 8% of the total belowground C pool at Elkhorn Ridge and 

approximately 4% of the C pool at Whitmore and Feather falls (Figure 2.3b). The 

remaining 6-8% of the total C pool occurred in the forest floor.  

Relatively large effects of treatment on forest-floor pools compared to fine-root 

and mineral-soil pools were evident when distribution of C and N among pools was 

considered (Figures 2.3b and 2.4b). The forest floor contained 6.5% of the total C at 

Elkhorn Ridge and 1% of the total N pool. At this site, competing vegetation control, 

regardless of fertilization, resulted in an increase from 5% to 8% of the total C 

residing in the forest floor and an equivalent decrease in the proportion found in the 

mineral soil (p = 0.0188). At Whitmore, the forest floor contributed 8% of the total C 

pool and 3% of the total N pool, but fertilization shifted distribution of both pools 

increasing the proportion of C in the forest floor from 6% to 10% of the total C and 

the proportion of N from 2% to 4% of the total N pool (p = 0.0001). Fertilization had a 

similar effect at Feather Falls where the proportion of C and N in the forest floor 

increased from 7% to 10% and from 3% to 6%, respectively (p = 0.0083 and 0.0004). 

Competing vegetation control also shifted distribution of N at Feather Falls from 8% 

to 9% of the total belowground N pool attributed to the forest floor (p = 0.0951). 

Discussion 
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Forest-Floor Pools 

The strongest effects of fertilizer and competing vegetation control treatments on 

belowground C and N pools observed in this study occurred in the forest floor. As 

expected, fertilization increased mass, C content, and N content of the forest floor and 

decreased forest-floor C:N ratios at all sites, regardless of herbicide application. We 

saw the largest effect of fertilization on forest-floor C and N pools at Whitmore, the 

intermediate-quality site (82% and 106% increases, respectively), although large 

increases were observed at all of our sites. In contrast, competing vegetation control 

only affected forest-floor mass and C pools at Elkhorn Ridge, where increase in pine 

litter production resulting from control of competing vegetation apparently 

outweighed removal of litter inputs from competing shrubs. This was not surprising, 

considering the high degree to which shrub competition reduced pine productivity at 

this site (Powers and Ferrell, 1996). 

Forest-floor C:N ratios in this study were relatively high (65–115 in control plots), 

much higher than 20, the critical C:N ratio for organic matter above which 

decomposition by microbes requires the immobilization of inorganic soil N (Myrold, 

2005). Fertilizer decreased forest-floor C:N ratios, but not to below 55 at even our 

most-productive site (Feather Falls). Relative decrease in C:N ratios in response to 

fertilization indicates presence of relatively higher N retention than C sequestration in 

forest floors following fertilization and was larger at Elkhorn Ridge and Whitmore 

(85-89% decrease) than at Feather Falls (16% decrease). This decrease in forest-floor 

C:N ratios with fertilization may be the result of lowered plant N-use efficiency and 

reduced translocation of N from senescent foliage. Similar trends in forest-floor C:N 
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ratios have been observed elsewhere in N fertilization studies of Douglas-fir 

(Pseudotsuga menziesii) (Prietzel et al., 2004).  

In contrast, competing vegetation control increased forest-floor C:N ratio at 

Feather Falls, suggesting a relatively higher retention of C than of N in the litter layer. 

Decreased forest-floor C:N ratio following herbicide treatment may have been 

observed only at this site because N-fixing ceanothus species are more abundant at 

Feather Falls than at Elkhorn Ridge or Whitmore where manzanita species dominate 

the understory.  

There has been concern that competing vegetation control may decrease the 

quality of litter inputs and that this decrease may impair nutrient cycling (Busse et al., 

1996; Busse et al., 2006; Munson et al., 1993). One source of concern is that pine litter 

is often nutrient-poor compared to litter of understory species. For example, ponderosa 

pine needle litter contains about 25% as much calcium and 15% as much potassium as 

manzanita litter (Powers, 1981). Potential for competing vegetation control causing 

lowered N availability is also of concern (Echeverría et al., 2004). Increase in C:N 

ratio of the forest floor at Feather Falls coinciding with a decrease in N concentrations 

suggests that competing vegetation control may have reduced aboveground litter 

quality, a hypothesis supported by reduced N mineralization during incubation of 

surface soils from fertilized plots at the site (McFarlane et al., in preparation). A 

similar decrease in forest-floor N concentration was observed following herbicide 

applications in loblolly pine (Pinus taeda) (Will et al., 2006). Increase in forest-floor 

mass at Elkhorn Ridge with competing vegetation control is probably a result of 
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increased inputs associated with the 326% increase in aboveground pine biomass 

rather than depressed litter decomposition. 

 

Fine-Root Pools 

Fertilization and competing vegetation control did not result in detectable changes 

in fine-root biomass, C, or N to 1-m depth at any of our sites. High variability among 

replicate plots at all sites made accurate estimation of fine-root biomass and C and N 

pools difficult and resulted in relatively large standard errors of mean estimates. 

Numerous researchers have reported difficulty in assessing changes in fine-root 

biomass and production and different methods have produced markedly different 

results (Nadelhoffer and Raich, 1992). For example, fertilization of loblolly pine 

increased production of fine roots <1 mm diameter and had no effect on production of 

roots 1 to 2 mm in diameter as quantified using minirhizotrons (King et al., 2002). 

However, in the same experiment, a decrease in fine-root production (<2 mm 

diameter) and standing biomass was observed using root coring (Albaugh et al., 1998). 

They attributed differences in results attained by each method, in part, to differences in 

the size of roots considered “fine”. A study on slash pine (Pinus elliotii) observed 

increases in biomass of roots >10 mm in diameter following competing vegetation 

control while biomass of “medium” (2-10 mm diameter) and “fine” roots (< 2 mm 

diameter) decreased (Shan et al., 2001). In the same study, fertilization only affected 

roots smaller than 0.5 mm, which decreased with treatment. 

Fine roots in our study contributed 4–8% of the total belowground C pool. It is 

possible that the major role of fine roots in belowground C storage and dynamics is 
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through exudation and turnover (i.e. belowground litter production). Increases in fine-

root production and turnover following fertilization may increase belowground C 

inputs to soils (King et al., 2002). Alternatively, belowground C inputs may decrease 

if trees allocate less C belowground in response to fertilization (Giardina et al., 2003; 

Giardina et al., 2004). 

It is also important to note that these belowground pool estimates do not include 

coarse roots. Biomass of coarse roots is being assessed and will be included in future 

reports of above- and belowground C storage at these sites. It is likely that treatment 

has affected coarse-root biomass because aboveground responses have been so large. 

However, reported effects of forest management on coarse-root production have been 

mixed. For example, increases in coarse-root biomass following fertilization have 

been reported for loblolly pine (Albaugh et al., 1998) and Eucalyptus saligna 

(Giardina et al., 2004), whereas reductions in coarse-root biomass with fertilization 

have been observed for red pine (Pinus resinosa) (Haynes and Gower, 1995). 

 

Mineral-Soil Pools 

Fertilization increased mineral-soil N concentrations and the mineral-soil N pool 

to 1-m depth to some extent at Elkhorn Ridge and Whitmore 12-13 years after 

fertilizer applications ceased. These increases (0.6 and 0.9 Mg N ha-1 for Elkhorn 

Ridge and Whitmore, respectively) were smaller than the total 1.1 Mg N ha-1 applied 

during the first six years after tree establishment (Powers and Ferrell, 1996). We found 

no residual effect of fertilization on soil N concentrations or pools 12 years after the 

final nutrient application at the Feather Falls site. Lasting effects of N additions on 
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mineral-soil N concentrations and pools tend to be small relative to total pools and are 

often not statistically detectable (Adams et al., 2005). Across a range of Douglas-fir 

forests in Washington, soil N to 1-m depth increased by one-third 5–15 years after 

repeated urea additions ceased, but the increase was not statistically significant 

(Adams et al., 2005). Increases in the soil N pool were close to the level of N 

application rate for sites where it had been 10-13 years since the last fertilizer 

application (Adams et al., 2005). 

Soil C pools in our study were not very responsive to silvicultural treatments, 

although high variability may have precluded detection of statistically significant 

treatment effects. Similar results were reported by Homann et al. (2001) who observed 

no detectable effect of fertilization and large variability in soil C storage in Douglas-fir 

forests. In fact, a growing number of studies have reported no detectable change in soil 

C storage following fertilization of Douglas-fir (Canary et al., 2000), slash pine 

(Harding and Jokela, 1994; Shan et al., 2001) and loblolly pine (Sartori et al., 2007) 

stands. Similar results were reported for a red pine/mixed-hardwood forest (Parker et 

al., 2002) and for wet tropical forests (Giardina et al., 2004; Li et al., 2006). However, 

several of these studies did report increases in forest-floor C pools (Canary et al., 

2000; Harding and Jokela, 1994; Parker et al., 2001; Sartori et al., 2007). 

 

Total Belowground Pools 

Total belowground C pools, including forest floor, fine roots, and mineral soil, 

increased with increasing site productivity. Total N pools were less at Elkhorn Ridge 

than at the more productive sites, but appeared to be larger at Whitmore than at 
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Feather Falls due to higher bulk density in soils at Whitmore. Competing vegetation 

control did not appear to affect total C or N pools at any of the three sites. In contrast, 

fertilization increased total C pools at Elkhorn Ridge and increased total C and N 

pools at Whitmore.  

Two mechanisms for increases in forest-floor- and mineral-soil C pools with 

fertilization have been proposed in the literature. The first mechanism is that increased 

tree productivity results in elevated litter production, which augments accumulation of 

organic matter and C belowground. This explanation for fertilizer-induced increases in 

forest-floor or mineral-soil C pools has been proposed in a number of studies where 

fertilization or other forest management treatments resulted in improved aboveground 

productivity and increased forest-floor mass or C pool (Baker et al., 1986; Harding 

and Jokela, 1994) or mineral-soil C pool (Adams et al., 2005). It is probable that this 

mechanism, alone or in combination with the one described below, resulted in the 

increases in C pools with fertilization observed at these sites. However, we did not 

measure above- or belowground litter production. 

The second possible mechanism for accumulation of forest-floor- and surface-soil 

C following fertilization is a decrease in long-term decomposition (Berg, 2000b; 

Franklin et al., 2003). Depressed long-term decomposition subsequently results in 

increased C accumulation as humified organic matter, particularly in forest floor Oe 

horizons (Nohrstedt et al., 1989). In fact, decreased decomposition following 

fertilization was more important than increased litter production in increasing forest-

floor C in one study of Scots pine (Pinus sylvestris) in Sweden (Franklin et al., 2003). 

This longer-term reduction in decomposition following fertilization, particularly with 
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N, may be due to suppression of the microbial community (Bååth et al., 1995; 

Nohrstedt et al., 1989), more rapid decline in organic matter quality during 

decomposition (Agren et al., 2001; Berg, 2000b), or increases in decomposer 

efficiency (Ågren, 2001). Several studies have shown changes in the microbial 

community following fertilization in Scandinavian forests. Nitrogen fertilization 

increased forest-floor mass coincident with decreases in soil respiration, microbial 

biomass, ATP content (Nohrstedt et al., 1989) and changed species composition of the 

fungal community (Arnebrant et al., 1990). Fertilization with wood-ash decreased 

microbial biomass and had a larger effect on the fungal community than bacteria 

(Bååth et al., 1995). In contrast, fertilization increased microbial biomass in a wet 

tropical forest (Li et al., 2006).  

 

Conclusions 

We had expected to observe increased total belowground C and N pools, exclusive 

of coarse roots, following fertilization and decreased C and N pools following 

competing vegetation control. Fertilization increased forest-floor C and N pools at all 

sites, and the magnitude of effect decreased with increasing site productivity. Total 

belowground pools were not as strongly affected by fertilization, however. Competing 

vegetation control had no effect on total belowground pools, and only affected forest-

floor C pools at Elkhorn Ridge where competing vegetation control resulted in an 

unexpected increase in C storage. 

Competing vegetation control did not reduce forest-floor- or total belowground C 

and N pools, but we did see some evidence for changes in litter quality in the presence 
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of competing vegetation control. Decreased N concentration and higher C:N ratios in 

forest floors at Feather Falls are one indication of reduced litter quality following 

shrub removal. Elevated forest-floor C concentrations at Elkhorn Ridge and Whitmore 

following competing vegetation control may reflect inputs of litter with lower nutrient 

status. In addition, we saw evidence for reduced SOM quality through density 

fractionation and laboratory incubation of soils from these sites when treated with 

competing vegetation control (McFarlane et al., in preparation). It remains possible 

that over the longer period of multiple rotations declines in soil quality could occur in 

association with competing vegetation control. 

Our results suggest that the largest increases in C sequestration with forest 

management occur in the aboveground biomass with smaller, but potentially 

significant, responses occurring in forest floors. In forests managed for timber 

production, it is especially important to consider the longevity of management-

enhanced C sequestration. Increases in C storage in forest floors and, to a lesser extent, 

in mineral soils resulting from nutrient additions or competing vegetation control may 

not amount to long-term C storage if stands are harvested before organic matter is 

stabilized. Selection of forest stands to be managed for C storage will require 

consideration of site characteristics, other management objectives, and plans for future 

harvest and thinning operations. While it may be possible to increase C sequestration 

by forests with management practices such as these, our results suggest that the major 

mechanism for these increases will be through increased incorporation of C in tree 

biomass rather than storage of C in forest-floor, fine-root, or mineral soil C pools. 
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Table 2.1. Summary of selected characteristics for the Elkhorn Ridge, Whitmore, and 
Feather Falls study sites selected from the Garden of Eden Study. 
  
Characteristic Elkhorn Ridge Whitmore Feather Falls 
Productivity Low Intermediate High 
SI50 (m)1 17 23 30 
Age at sampling (yr) 16 18 16 
Annual precipitation (mm) 1,015 1,140 1,780 
Elevation (m) 1,490 730 1,220 

C  6.95 ± 3.033 15.41 ± 4.713 108.81 ± 14.20a4 

H 26.03 ± 3.03 64.10 ± 4.71 140.75 ± 14.20ac 

F 14.29 ± 3.03 38.85 ± 4.71 206.39 ± 14.20b 

HF 43.14 ± 3.03 91.67 ± 4.71 182.52 ± 14.20bc 

15-year 
standing bole 
volume  
(m3 ha-1)2 

Site Mean 22.60 ± 4.41 51.76 ± 8.92 159.62 ± 12.85 
Soil great group Dystroxerept Haplohumult Haploxeralf 
Parent material Metasediment Volcanic Volcanic 

0-15 cm 0.86 ± 0.03 1.15 ± 0.02 0.67 ± 0.02 
15-30 cm 0.88 ± 0.03 1.37 ± 0.03 0.90 ± 0.01 
30-60 cm 0.85 ± 0.06 1.40 ± 0.27 1.28 ± 0.28 

Fine Bulk 
Density 
(Mg m-3)5 

60-100 cm 1.42 ± 0.07 2.12 ± 0.37 1.88 ± 0.04 
Soil pH5 0-15 cm 6.3 ± 0.1 6.2 ± 0.1 6.0 ± 0.1 
 15-30 cm 5.9 ± 0.1 6.2 ± 0.1 5.8 ± 0.1 
 30-60 cm 6.0 ± 0.1 6.3 ± 0.1 5.9 ± 0.1 
 60-100 cm 6.1 ± 0.1 6.1 ± 0.1 5.9 ± 0.1 
 

1Site index for ponderosa pine at 50 yr estimated from adjacent stands (Powers and 
Ferrell, 1996). 

2Powers (unpublished data). Treatment means are from analysis of variance followed 
by standard errors. Treatments: C = control, H = herbicide only, F = fertilizer only, 
HF = fertilizer and herbicide. 

3H main effect (p <0.01), H > no H; F main effect (p < 0.01), F > no F 
4H x F interaction (p = 0.0850); different letters denote statistically different 

treatments as assessed by multiple pair-wise comparisons with a Tukey 
adjustment, α = 0.1. 

5Measured in this study. Means by depth are from analysis of variance followed by 
standard errors. 



 

 

Table 2.2. Forest-floor mass, C and N concentrations, C and N content, and C:N ratios by site and treatment for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites.1  
 

Site/ 
Productivity Treatment2 

Mass 
(Mg ha-1) 

C 
(%) 

N 
(%) 

C 
(Mg ha-1) 

N 
(Mg ha-1) C:N 

        
C 6.0 ± 1.4 53.4 ± 0.1 0.46 ± 0.04 3.2 ± 0.8 0.027 ± 0.010 115 ± 9 
H 10.7 ± 1.4 53.8 ± 0.1 0.44 ± 0.04 5.8 ± 0.8 0.048 ± 0.010 124 ± 9 
F 10.0 ± 1.4 53.7 ± 0.1 0.59 ± 0.04 5.4 ± 0.8 0.060 ± 0.010 92 ± 9 
HF 12.4 ± 1.4 54.2 ± 0.1 0.49 ± 0.04 6.7 ± 0.8 0.063 ± 0.010 111 ± 9 
Site Mean 9.8 ± 0.9 53.8 ± 0.1 0.50 ± 0.03 5.3 ± 0.5 0.050 ± 0.006 111 ± 5 
 p-value 
H 0.0336 0.0058 0.1895 0.0307 0.2945 0.1620 
F 0.0762 0.0259 0.0692 0.0718 0.0540 0.0858 

Elkhorn Ridge –  
Low 

H x F 0.4386 0.8765 0.3944 0.4484 0.4073 0.5843 
        

C 19.8 ± 2.8 51.9 ± 0.2a3 0.73 ± 0.05 10.3 ± 1.5 0.143 ± 0.030 71 ± 4 
H 19.7 ± 2.8 53.4 ± 0.2c 0.74 ± 0.05 10.5 ± 1.5 0.147 ± 0.030 73 ± 4 
F 36.2 ± 2.8 52.3 ± 0.2ab 0.80 ± 0.05 19.0 ± 1.5 0.290 ± 0.030 65 ± 4 
HF 35.6 ± 2.8 52.9 ± 0.2bc 0.85 ± 0.05 18.8 ± 1.5 0.307 ± 0.030 63 ± 4 
Site Mean 27.8 ± 2.7 52.6 ± 0.2 0.78 ± 0.02 14.6 ± 1.4 0.222 ± 0.026 68 ± 2 
 p-value 
H 0.9045 0.0015 0.5544 0.9626 0.7350 0.9141 
F 0.0004 0.9137 0.0761 0.0004 0.0009 0.0682 
H x F 0.9303 0.0626 0.6352 0.9037 0.8179 0.6074 

Whitmore –  
Intermediate 

       

71



 

 

Table 2.2. Forest-floor mass, C and N concentrations, C and N content, and C:N ratios by site and treatment for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites.1(Continued)  
 

Site/ 
Productivity Treatment2 

Mass 
(Mg ha-1) 

C 
(%) 

N 
(%) 

C 
(Mg ha-1) 

N 
(Mg ha-1) C:N 

        
C 24.9 ± 2.7 53.6 ± 0.2 0.84 ± 0.06 13.3 ± 1.5 0.207 ± 0.031 65 ± 4 
H 24.1 ± 2.7 54.1 ± 0.2 0.73 ± 0.06 13.0 ± 1.5 0.177 ± 0.031 74 ± 4 
F 37.6 ± 2.7 54.0 ± 0.2 1.00 ± 0.06 20.3 ± 1.5 0.378 ± 0.031 54 ± 4 
HF 34.3 ± 2.7 54.1 ± 0.2 0.86 ± 0.06 18.6 ± 1.5 0.295 ± 0.031 63 ± 4 
Site Mean 30.2 ± 2.1 53.9 ± 0.1 0.86 ± 0.04 16.3 ± 1.2 0.264 ± 0.027 64 ± 3 
 p-value 
H 0.4746 0.1983 0.0695 0.5154 0.1081 0.0722 
F 0.0027 0.2486 0.0366 0.0027 0.0017 0.0365 

Feather Falls –  
High  
 

H x F 0.6567 0.3483 0.7611 0.6462 0.4156 0.9495 
 

1Means are followed by standard errors. P-values for treatment factors were determined from analysis of variance. Boldface p-
values are significant, α = 0.1.  

 
2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide. 
 
3Different letters denote statistically different treatments as assessed by multiple pair-wise comparisons with a Tukey adjustment, 

α = 0.1.
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Table 2.3. Fine-root (<2mm diameter) biomass, C pool, and N pool to 1-m depth by 
site and treatment for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden 
Study sites.1  
 

Root biomass Root C Pool Root N Pool Site/Productivity Treatment2  
Mg ha-1 

C 10.8 ± 1.9 5.8 ± 1.1 0.06 ± 0.02 
H 11.4 ± 1.9 6.3 ± 1.1 0.07 ± 0.02 
F 11.9 ± 1.9 6.5 ± 1.1 0.11 ± 0.02 
HF 11.6 ± 1.9 6.2 ± 1.1 0.08 ± 0.02 
Site mean 11.4 ± 0.8 6.2 ± 0.5 0.08 ± 0.01 
 p-value 
H 0.9505 0.9342 0.6982 
F 0.7720 0.7658 0.1450 

Elkhorn Ridge –  
Low  

H x F 0.7904 0.7429 0.2519 
     
  Mg ha-1 

C 7.8 ± 2.4 4.3 ± 1.3 0.05 ± 0.02 
H 13.4 ± 2.4 7.2 ± 1.3 0.09 ± 0.02 
F 12.4 ± 2.4 6.9 ± 1.3 0.10 ± 0.02 
HF 13.5 ± 2.4 6.7 ± 1.3 0.10 ± 0.02 
Site mean 11.6 ± 1.3 6.2 ± 0.7 0.08 ± 0.01 
 p-value 
H 0.2773 0.4101 0.3825 
F 0.4279 0.5004 0.2154 

Whitmore –  
Intermediate  

H x F 0.4341 0.3448 0.4981 
     
  Mg ha-1 

C 14.5 ± 3.1 8.0 ± 1.6 0.11 ± 0.02 
H 22.3 ± 3.1 11.6 ± 1.6 0.13 ± 0.02 
F 15.7 ± 3.1 8.5 ± 1.6 0.14 ± 0.02 
HF 15.6 ± 3.1 7.4 ± 1.6 0.11 ± 0.02 
Site mean 17.0 ± 1.6 8.9 ± 0.9 0.12 ± 0.01 
 p-value 
H 0.2898 0.4800 0.7559 
F 0.4436 0.3180 0.8235 

Feather Falls  
– High  

H x F 0.2765 0.2249 0.2403 
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Table 2.3. Fine-root (<2mm diameter) biomass, C pool, and N pool to 1-m depth by 
site and treatment for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of 
Eden Study sites.1 (Continued) 

 

 

1Means are followed by standard errors. P-values for treatment factors were 
determined from analysis of variance.  

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide. 
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Table 2.4. Total mineral-soil C pool and N pool to 1-m depth by site and treatment for 
the Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden Study sites.1  
 

Soil C Soil N Site/Productivity Treatment2 

Mg ha-1 
C 56.7 ± 9.9 5.0 ± 0.6 
H 75.4 ± 9.9 5.0 ± 0.6 
F 91.0 ± 9.9 5.9 ± 0.6 
HF 63.9 ± 9.9 5.8 ± 0.6 
Site mean 71.8 ± 5.8 5.4 ± 0.3 
 p-value 
H 0.6826 0.9455 
F 0.2849 0.1844 

Elkhorn Ridge – 
Low 

H x F 0.04983 0.9929 
  Mg ha-1 

C 138.2 ± 9.3 6.5 ± 0.3 
H 163.7 ± 9.3 7.1 ± 0.3 
F 166.6 ± 9.3 7.4 ± 0.3 
HF   157.7 ± 11.3 7.4 ± 0.4 
Site mean 156.4 ± 5.4 7.1 ± 0.2 
 p-value 
H 0.4261 0.3770 
F 0.2920 0.0980 

Whitmore – 
Intermediate  

H x F 0.1242 0.3341 
  Mg ha-1 

C 177.3 ± 22.9 6.2 ± 0.9 
H 180.7 ± 22.9 6.2 ± 0.9 
F 174.3 ± 22.9 6.1 ± 0.9 
HF 189.7 ± 22.9 7.0 ± 0.9 
Site mean 177.3 ± 10.8 6.3 ± 0.4 
 p-value 
H 0.6922 0.6147 
F 0.8999 0.6600 

Feather Falls – 
High  

H x F 0.7981 0.6054 
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Table 2.4. Total mineral-soil C pool and N pool to 1-m depth by site and treatment for 
the Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden Study sites.1 
(Continued) 

 

 

1Means are followed by standard errors. P-values for treatment factors were 
determined from analysis of variance. Boldface p-values are significant, α = 0.1.  

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide. 

3No pair-wise comparisons significant with a Tukey adjustment, α = 0.1. F > C with 
Dunnett’s adjustment to test treatments against control, α = 0.1.
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Figure 2.1. Fine-root density (a), C concentration (b) and N concentration (c) by 
depth for each treatment at Elkhorn Ridge (left), Whitmore (middle), and Feather 
Falls (right). Bars indicate standard errors. Note differences in scale for root 
density across sites.1 
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1Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 

herbicide. 
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Figure 2.2. Mineral-soil C concentration (a), N concentration (b) and C:N ratio (c) by 
depth for each treatment at Elkhorn Ridge (left), Whitmore (middle), and Feather Falls 
(right). Bars indicate standard errors. Note differences in scale for C and N 
concentrations across sites.1 
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1Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide



 

Figure 2.3. Total belowground C pools (a) and distribution of C as proportion of total belowground C (b) for each treatment at 
Elkhorn Ridge (left), Whitmore (middle), and Feather Falls (right). Bars indicate standard errors for component pools.1   
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1Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide. 
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Figure 2.4. Total belowground N pools (a) and distribution of N as proportion of total belowground N (b) for each treatment at 
Elkhorn Ridge (left), Whitmore (middle), and Feather Falls (right). Bars indicate standard errors for component pools.1  
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1Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide.

80



 

 

81

CHAPTER 3 

 

SOIL ORGANIC MATTER QUALITY AND DYNAMICS IN 
PONDEROSA PINE FORESTS ALONG A PRODUCTIVITY 

GRADIENT IN NORTHERN CALIFORNIA 
 

 

 

 

Karis J. McFarlane, Stephen H. Schoenholtz, Steven S. Perakis, Robert F. Powers  

 

 

 

 

(Nadelhoffer, 1990) 



 

 

82

Abstract 

Forest soils represent a large portion of the global terrestrial carbon (C) pool. 

Questions remain, however, as to whether and under what conditions forest soils act as 

a net sink or source of atmospheric CO2 and how soil organic matter (SOM) will 

respond to changes in climate, vegetation type, or forest management. We sought to 

determine how two common forest management practices affect surface SOM quality 

in three ponderosa pine (Pinus ponderosa var. ponderosa Dougl. ex Laws.) plantations 

of different productivity and soil type by conducting simple density fractionation and 

laboratory incubations of whole surface soils. Biennial nutrient additions conducted 

during early years of stand development had legacy effects on whole-soil and light-

density-fraction nitrogen (N) and C:N ratios at one or more sites. Competing 

vegetation control had limited influence over whole soils, but appeared to affect light-

fraction C and N concentrations and C:N ratios in different ways at different sites. 

Treatments did not affect dissolved organic carbon (DOC) release during incubation, 

but competing vegetation control decreased N mineralization at the most productive 

site. Fertilization decreased C mineralization as indicated by decreased soil respiration 

during incubation at the most productive site, but had the opposite effect at the 

intermediate site and had no effect at the least productive site. Treatment effects on 

SOM quality differed across sites possibly the result of differences in climate and soil 

characteristics such as texture and mineralogy. Stability of SOM as determined in this 

study increased across sites with increasing site productivity. 
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Introduction  

The influence of forest management on soil organic matter (SOM) is important in 

the context of sustainable natural resource management (Henderson, 1995; Jurgensen 

et al., 1997) and global, national, and regional carbon (C) sequestration and mitigation 

of anthropogenic CO2 emissions (Dixon et al., 1994; Jandl et al., 2007; Shimel, 1995). 

While considerable research has been done in attempts to adequately describe the 

quality of SOM (Hassink, 1995; Stevenson and Elliott, 1989) and the processes 

involved in stabilization and destabilization of forest SOM (Golchin et al., 1994b; 

Oades, 1988; Sollins et al., 2006; Torn et al., 1997), many questions remain 

unanswered. Not the least of these questions concerns how SOM is influenced by 

human activity and how such influences might vary with differing soil types, 

ecosystem productivity, and climate (Neff and Asner, 2001; Neff et al., 2002; Waldrop 

and Firestone, 2004).  

Soil organic matter is a key component in soil process and function through its 

influence on nutrient cycling and availability, soil water dynamics, and microclimate 

and as a C source for heterotrophic soil biota (Amaranthus et al., 1989; Henderson, 

1995; Powers et al., 1990). Conservation of SOM has been identified as a major goal 

of sustainable forest management (Jurgensen et al., 1997; Powers et al., 1990) because 

of its integral role in maintaining soil quality, generally considered the capacity for a 

soil to function as a component of its ecosystem (Schoenholtz et al., 2000).  

Increases in aboveground tree productivity in response to control of competing 

vegetation and to nutrient additions have been well demonstrated and such practices 

are common in managed forests of the western U.S. (Busse et al., 1996; Hangs et al., 
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2003). Effects of these practices on soil C storage and dynamics are less evident, less 

consistent, and not well understood. 

Control of competing vegetation has been shown to adversely affect soil properties 

associated with soil quality. For example, reductions in SOM quantity following 

competing vegetation control have been observed (Aust and Lea, 1991; Echeverría et 

al., 2004; Munson et al., 1993; Will et al., 2006). In addition, reductions in microbial 

biomass and activity (Busse et al., 1996; Busse et al., 2006), decreased N 

mineralization potential (Echeverría et al., 2004) and cation availability (Will et al., 

2006) have indicated decline in SOM quality following competing vegetation control. 

Nutrient additions generally appear to improve soil characteristics associated with 

highly productive ecosystems. Elevated nutrient concentrations and/or lowered C:N 

ratios in surface soils may be detected a decade or longer after fertilization (Harding 

and Jokela, 1994; Homann et al., 2001b; Jandl et al., 2003). Effects of nutrient 

additions on litter layers and on SOM dynamics are more variable (Neff et al., 2002). 

Fertilization may increase C storage in litter layers (Baker et al., 1986; Giardina et al., 

2004; Madeira et al., 2002) either through increased litter production (Haynes and 

Gower, 1995; Li et al., 2006) or decreased decomposition (Franklin et al., 2003; 

Magill and Aber, 1998). In nutrient-poor sites, however, fertilizer additions can 

increase decomposition of forest-floor material thereby releasing C, N, and cations 

previously bound in undecomposed litter (Jandl et al., 2002). Nutrient additions may 

also have very different effects on belowground C inputs by increasing root growth 

and turnover in some cases (Haile-Mariam et al., 2000; King et al., 2002), and 

decreasing them in others (Giardina et al., 2004; Haynes and Gower, 1995). 
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 One of the challenges in studying SOM is the extent to which SOM characteristics 

and dynamics differ across gradients in soil type, vegetation, and climate (Baisden et 

al., 2002; Neff and Hooper, 2002; Silver et al., 2000; Torn et al., 2005; Townsend and 

Vitousek, 1995). Numerous techniques have been used to describe the quality of SOM 

as a pool for C storage, as a nutrient and energy source for soil biota, and as a nutrient 

source for plants. Several variants of physical (often particle size, aggregate size, or 

density) fractionation, chemical fractionation, or a combination of both, have been 

employed to separate more actively cycling or labile SOM from more stable or 

recalcitrant SOM (Collins et al., 2000; Crow et al., 2007; Golchin et al., 1994b; Six et 

al., 2000). Because these methods are operationally, not functionally, defined, none of 

these techniques perfectly isolates a single “active” fraction and their success in 

approximating such a fraction tends to be isolated to specific soils. Water or salt 

extracts have also been used to isolate more active SOM fractions (Young and 

Spycher, 1979). Further chemical fractionation of water-soluble SOM has identified 

more- and less-active subfractions (Jandl and Sollins, 1997; Yano et al., 2005) with 

varying roles as microbial C sources and in the stabilization of SOM. 

Light-density fractions have been found to be somewhat more sensitive to changes 

induced by forest management or anthropogenic disturbance than bulk soils. For 

example, concentrations of C and N in light-density fractions decreased more 

following herbicide applications than bulk soils in pine plantations of the southeastern 

U.S. (Echeverría et al., 2004). An increased (Alvarez and Alvarez, 2000) and more 

rapid (Janzen et al., 1992) responsiveness of light fraction to changes in agricultural 

management than whole soils has also been demonstrated. 
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Laboratory incubation experiments have been used to assess SOM quality, 

decomposition, and production of dissolved organic matter (DOM). Decomposition of 

SOM and subsequent release or stabilization of organic C is complex. Decomposition, 

release via respiration, and production of DOM are highly dependent on microclimatic 

factors and sources of organic matter that influence microbial activity (Conant et al., 

2000; Göedde et al., 1996; Park et al., 2002; Wang and Bettany, 1993). While 

respiration and leaching of DOM are both vectors of C loss from terrestrial systems, 

DOM has the potential to relocate within the soil profile rather than simply leaching 

out of the system altogether. In fact, translocation and resorption of DOM plays an 

important role in the longer-term stabilization of soil C as well as in C and N 

dynamics in general (Cleveland et al., 2004; Jandl and Sollins, 1997; Lajtha et al., 

2005). Aerobic and anaerobic incubations have been used to study N mineralization 

and dynamics (Echeverría et al., 2004; Powers, 1980; Powers, 1990b), C 

mineralization potential (Alvarez et al., 1998; Alvarez and Alvarez, 2000; Waldrop 

and Firestone, 2004), C and N interactions in SOM cycling (Hart et al., 1994), and 

production of DOM (Magill and Aber, 2000; Neff and Hooper, 2002; Park et al., 

2002). 

Vegetation type and nutrient manipulation show effects on C and N dynamics in 

laboratory incubation studies. For example, competing vegetation control in pine 

plantations in the southeastern U.S. decreased N mineralization potential during 7-day 

anaerobic incubation (Echeverría et al., 2004). Nitrogen additions increased 

respiration during a long-term soil incubation from a greenhouse study on ponderosa 

pine (Pinus ponderosa) (Haile-Mariam et al., 2000), but decreased CO2 production in 
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soils from Douglas-fir (Pseudotsuga menziesii) stands in Oregon and Washington 

during a 300-day incubation (Swanston et al., 2004). No effect of N additions on 

microbial respiration was observed during incubation of deciduous forest-floor 

material (Park et al., 2002). Thus, previous studies have demonstrated inconsistent and 

sometimes contradictory effects of forest management on SOM quality and dynamics.  

In this study, we sought to determine how nutrient additions and competing 

vegetation control, applied alone and in combination early in stand development, to 

ponderosa pine plantations of different productivity and soil type affect surface SOM 

quality later in stand development as assessed via 1) density fractionation of the SOM 

at a single density, 2) DOM and dissolved inorganic N (DIN) release during 225-day 

laboratory incubation, and 3) CO2 evolution and DOC mobilization during 16-day 

laboratory incubation. We hypothesized that competing vegetation control would 

decrease whole-soil and light-fraction C and N and release of DOM, N mineralization, 

and respiration during incubations. We expected the opposite to be true for 

fertilization. We also expected the extent of these effects and results of combining 

treatments to vary across sites characterized by a productivity gradient. 

 

Materials and Methods 

Site Descriptions 

The three sites used for this study were selected to encompass the range in 

productivity and soil type found in the northern California westside ponderosa pine 

region (Table 3.1). This area is characterized by a Mediterranean climate with dry 
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summers and wet winters. These sites are part of a larger, long-term study that was 

initiated to assess effects of commonly applied forest management treatments 

(competing vegetation control and nutrient additions) on ponderosa pine productivity 

(the Garden of Eden Study; see Powers and Ferrell, 1996 and Powers and Reynolds, 

1999). The least productive site is Elkhorn Ridge, which is located in the Klamath 

Mountains. It is the westernmost, has the highest elevation, and is the driest of the 

three sites. Elkhorn Ridge is mapped as loamy-skeletal, mixed mineralogy Inceptisol 

soils of the Sheetiron series derived from metasedimentary mica-quartz schist (Soil 

Survey Staff, 1998). The Whitmore site is of intermediate site productivity and is 

located in the southern Cascades. Soils at Whitmore are mapped as fine, parasesquic 

Ultisols of the Aiken series weathered from basic volcanic rock (Soil Survey Staff, 

1997). The most productive site is Feather Falls, which is located in the Sierra Nevada. 

Soils at this site are mapped as fine-loamy, mixed mineralogy, super active Alfisols of 

the Cohasset series weathered from volcanic parent materials (Soil Survey Staff, 

1997). Whitmore was planted in 1986 and Elkhorn Ridge and Feather Falls were 

planted in 1988 with ponderosa pine seedlings on a 2.4 m square spacing. Prior to 

planting, Elkhorn Ridge was a ponderosa pine plantation, Whitmore was a brushfield 

of mixed manzanita (Arcostaphylos sp.), and Feather Falls was a natural mixed conifer 

and hardwood stand. Understory at all three sites is dominated by Arcostaphylos sp. 

and Ceanothus sp. 
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 Field Experimental Design 

A two-way factorial design with two levels of competing vegetation control and 

two levels of nutrient addition was used for all sites. The design resulted in four 

treatment combinations: competing vegetation control only; fertilizer only; competing 

vegetation control plus fertilizer; and no applied treatments (control). Each treatment 

combination was replicated three times at each site so that treatment effects could be 

assessed at each location independently, as treatment-by-site interactions were 

expected. Treatments were applied at planting and repeatedly until crown closure (6 

years), ending 10–12 years prior to this study. For the appropriate plots, a complete 

fertilizer was applied during the dormant season every 2 years at an exponential rate, 

ending with a large fertilizer application at the end of year 6. Competing vegetation 

control was accomplished by spraying understory plants with glyphosate each spring 

for the first 6 years. 

 

Soil Sample Collection and Storage 

In August 2004 mineral soil was collected from all 3 plantations. At each plot, soil 

was collected from the surface 20 cm at 5 locations (each of the 4 corners and the 

approximate center) within the sampling area and ≥0.5 m away from the closest tree. 

Samples were collected with a bucket auger and the 5 samples for each plot were 

composited (1 composite per plot) in a bucket and stored field-moist, which was 

approximately air-dried, at 4°C until analyzed. 
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Organic Matter Characterization  

 Subsamples from the composite soil samples were sieved to 2 mm and SOM 

quality was assessed in two ways: 1) soil was fractionated by density; and density 

fractions and whole soil were analyzed for total C and N; and 2) soil C and N 

mobilization potential were investigated with laboratory incubation. 

 

Density Fractionation 

Soil was separated into light and dense fractions by dispersion in a high-density 

(1.65 g mL-1) sodium polytungstate (NaPT, Na6[H2W12O40], Sometu-USA, Van Nuys, 

California) solution (SPT). In this method, light fraction (LF) is collected by aspirating 

the floating material following dispersion, while dense fraction (DF), also referred to 

as “heavy fraction”, settles as sediment (Strickland and Sollins, 1987). Approximately 

45 g (dry-mass equivalent) of field-moist, sieved soil was placed in a 175 mL 

polystyrene conical-bottom centrifuge bottle and 100 mL of pre-mixed 1.65 g mL-1. 

Solid SPT powder was added to correct solution density for soil water content. 

Samples were shaken on a shaker table for 1 hr to disperse weakly bound soil 

aggregates and left to separate overnight. The next day, floating material was 

aspirated. Additional SPT solution was added to the remaining sediment, which was 

shaken for another hour and then centrifuged at 1,480 rpm in a swinging-bucket rotor 

for 15 min. Samples were left to settle 5 min and then floating material was aspirated 

and added to previously collected LF. Samples were shaken again and allowed to 
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separate overnight. The same procedure (aspiration, shaking, centrifugation, and 

aspiration) was repeated the following day. 

Light fractions (floating material) and DF (sediment) were rinsed thoroughly with 

deionized water to remove residual SPT. Light fractions were rinsed 5 times on a 

Whatman GF/F filter (ashed, 0.7 μm pore size). Dense fractions were also rinsed 5 

times, but samples were left in the centrifuge bottles. For each rinse, supernatant (SPT 

and water) was decanted and deionized water was added. Samples were shaken 

vigorously to suspend all sediment in water and then centrifuged. Rinsed LF and DF 

were dried at 60ºC for 6 days or until a constant weight was reached. 

Whole soils, LF and DF were dried at 65 ºC and analyzed for total C and N using 

the Dumas combustion technique on a Fisons NA1500 NCS Elemental Analyzer 

(ThermoQuest Italia, Milan, Italy). Moisture contents of whole soils and DF were 

determined (two days at 105ºC) and C and N concentrations were converted to oven-

dry basis. Light-fractions were not dried at 105 ºC because of the small amount of 

sample and because of high potential for loss of C (and mass) following drying at 

temperatures above 60 ºC. Moisture contents for DF were used to adjust LF C and N 

concentrations to oven-dry equivalents. 

Whole-soil C and N concentrations are reported in g C (or N) kg soil-1. Light and 

dense fraction C and N concentrations are reported in g C (or N) kg fraction-1. Oven-

dry LF and DF masses were summed to provide a total soil mass recovered following 

density fractionation. Amounts of LF and DF are reported as percentages of this 

recovered total soil mass. 
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Long- and Short-Term Laboratory Incubations 

Potential for C and N to be mobilized via leaching of DOC and dissolved N (DN) 

was investigated in two laboratory incubations of whole soils, one of 226 days (long) 

and one of 16 days (short). During the short incubation, C mineralization via soil 

respiration was also measured.  

For both incubations, whole soils were incubated at 25°C, ambient humidity, and 

at moisture held at -22 kPa (roughly 50% water holding capacity). Approximately 30 g 

(dry-weight equivalent) of field-moist soil was mixed with 30 g oven-dry quartz sand 

(VWR International) that had been acid-washed and autoclaved. Soil-sand mixtures 

were incubated in microlysimeters constructed of benchtop filtration units (Falcon 

Filter, Becton Dickinson Labware) modified as described by Nadelhoffer (1990). One 

subsample was incubated for each treatment plot at each site. A duplicate was 

incubated for four randomly selected plots to serve as quality control replicates and 

one sand-only sample was incubated to verify that the sand did not contribute C or N 

to leachate solutions or respiration measurements. At the start of the incubations, soil-

sand mixtures were re-wetted by adding 100 mL deionized water and allowing the 

substrate and water to equilibrate for 1 hr before extracting excess solution with a -22 

kPa vacuum. Moisture contents were monitored weekly by weight and deionized 

water was added as needed to maintain moisture at -22 kPa. 

Microlysimeters were leached periodically during the long incubation (on days 16, 

36, 55, 78, 136, 171, 226) and at the end of the short incubation. At each leaching, 100 

mL of deionized water was added to the top of the microlysimeter, allowed to 

permeate and equilibrate with the soil-sand mixture for one hr, and extracted from the 
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microlysimeter using a -22 kPa vacuum. Leachate was analyzed for DOC and total 

dissolved nitrogen (TDN) within 72 hr (Shimadzu Total Organic Carbon Analyzer, 

TOC-VCSH; Total Nitrogen Measuring Unit, TNM-1) and for NH4
+-N and NO3

--N 

within 48 hr (Lachat QuickChem FIA+ 8000 series Auto-Analyzer). Dissolved 

inorganic nitrogen (DIN) was calculated as the sum of NH4
+-N and NO3

--N. Dissolved 

organic nitrogen (DON) was calculated as the difference between TDN and DIN. The 

sand-only incubation blank did not yield DOC or TDN. Concentrations were 

multiplied by volume extracted to yield C and N in mg. Individual and cumulative 

losses of DOC, TDN, NH4
+-N, NO3

--N, and DON are expressed per gram Cinitial or 

Ninitial basis because we were primarily interested in lability of SOM present rather 

than the absolute amount of C or N released. Carbon-to-total-N ratios were also 

calculated for each leaching period. 

For the short incubation, CO2 evolution was measured on days 4, 10, and 16 by 

sealing the microslysimeters and measuring CO2 accumulation over a 4-hr period. 

Headspace gas was sampled initially and after 4 hr with a 0.5 mL syringe. 

Immediately after sampling, the gas was injected into a gas chromatograph (5700 A 

series Hewlett Packard fitted with a Poropak R 80/100 thermal conductivity detector). 

No CO2 accumulation occurred in the sand-only incubation blank at any measurement 

period. Respiration rates were calculated from the amount of CO2 accumulated over 

the 4-hr period and cumulative respiration was estimated by calculating the area under 

the curve of respiration rate over time using the trapezoidal method in PROC 

EXPAND in SAS (SAS Institute, v. 9.1, Cary, NC). Cumulative respiration is 

expressed on a per-gram-soil and a per-gram-initial-C basis. 
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Data Analysis 

Data were analyzed for treatment effects and means or medians (for non-

parametric data) were calculated using PROC MIXED in SAS. Whole-soil data were 

analyzed by site with a two-by-two factorial design. Density fractions were analyzed 

using a split-plot design where field-plot served as the whole-plot and density fraction 

served as the subplot to account for correlation between fractions derived from a 

single field-plot. Model assumptions of normality and constant variance were checked 

using PROC UNIVARIATE and residual plots. Differences between sites were 

assessed using t-tests comparing means across treatments at each site. 

Incubation data were analyzed by site using a repeated-measures analysis of 

variance to test for treatment effects over the course of each of the two incubations. 

Covariance over time was modeled using an unstructured covariance model for the 

short incubation, and using the compound symmetry model for the long incubation 

(for which the unstructured model could not be used). Initial leaching data and final 

cumulative DOC and DN loss for the long incubation were also analyzed separately to 

determine if treatment affected initial water-extractable C and N or total C and N 

losses over the 225 days. Only initial (day 0) DON data were analyzed because during 

subsequent leachings, relatively high levels of inorganic N generated from N 

mineralization precluded detection of DON for many samples. Although some 

samples continued to generate detectable DON further into incubation, the large 

number of non-detectable values biased data towards zero and errors associated with 

estimates of medians were high. To maintain normal data distribution and constant 



 

 

95

variance, data analyzed with repeated-measures were log-transformed prior to 

analysis. 

In cases without split-plots or repeated-measures (i.e. whole-soil or final 

cumulative flux data), treatment effects were assessed as follows. When the fertilizer 

and herbicide interaction was not significant, it was left in the model and main effects 

of each factor were tested. When the fertilizer and herbicide interaction was 

significant, linear contrasts were used to test differences between treatment 

combinations using a Tukey adjustment.  

In cases where a repeated-measures or split-plot design provided a third treatment 

factor (e.g. density in the fractionation data), treatment effects were analyzed as 

follows. When there was a fertilizer or herbicide interaction with density, for example, 

effect of treatment (herbicide or fertilizer) was assessed by slicing by density. When 

there was a three-way interaction among fertilizer, herbicide, and density, the 

interaction was first sliced by density. If a fertilizer-herbicide interaction effect was 

detected in one density fraction, multiple pairwise comparisons were conducted for the 

comparisons of fertilizer-herbicide treatment combinations within that density fraction 

with p-values adjusted using the Bonferroni adjustment, because it is a simple 

adjustment to make manually (p-value is multiplied, or alpha level is divided, by the 

number of comparisons). 
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Results 

Aboveground Response to Treatment 

Treatments resulted in increased pine growth at all three sites (Powers, 

unpublished data) (Table 3.1). At Elkhorn Ridge and Whitmore, fertilization, 

regardless of competing vegetation control increased 15-yr standing bole volume by 

approximately 60–75% and competing vegetation control, regardless of fertilization, 

more than tripled bole volume. At Feather Falls, fertilization without competing 

vegetation control increased standing bole volume about 90% compared to the control 

and the combination of fertilization and competing vegetation control increased bole 

volume almost 70% compared to the control.  

 

Density Fractionation 

Mobilization 

Some soil material was lost during the density fractionation process. This 

mobilized fraction consists of SPT-soluble and/or colloidal fractions lost during 

fractionation and rinsing. Soil mass recovery was ≥89% for soils from all three sites 

(Figure 3.1) with the highest losses from Whitmore soils, which had the highest clay 

content of the soils studied. Carbon and N recovery were ≥80% for soils from all three 

sites, with the largest mobilized C and N fractions from the Elkhorn soil. Treatment 

did not affect amount of soil, C, or N mobilized during fractionation.  
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Whole-Soil Properties 

Whole-soil C and N concentrations increased from 22 to 60 g C kg soil-1 and from 

1.0 to 2.0 g N kg soil-1, respectively, with increasing site productivity (Table 3.2). 

Whole-soil C:N ratios also followed the site quality gradient and ranged from 22 at 

Elkhorn Ridge to 30 at Feather Falls. Fertilizer and herbicide treatments had limited 

effect on soil C concentration at any of the sites. At Elkhorn Ridge fertilization 

without herbicide application increased soil N concentration relative to the control and 

to the combination of both treatments by about 0.2 g N kg soil-1 (p = 0.0429 and 

0.0665, respectively). At Whitmore, fertilization increased soil N concentration by 

0.18 g N kg soil-1 and decreased C:N ratio by 8% regardless of herbicide application. 

Fertilization had no effect on soil N or C:N at Feather Falls.  

 

Light and Dense Fractions 

Across sites and treatments, LF represented ≤6% of the recovered soil mass (Table 

3.3). Carbon concentrations in LF were 20-fold higher than in DF and N 

concentrations were 8-fold higher in LF than in DF (Table 3.4). Light-fraction C:N 

ratios ranged from two- to five times higher than C:N ratios of DF. Light fractions also 

contained a smaller portion of the total N recovered than the DF at all sites (Table 

3.3). In soils from Elkhorn Ridge, the LF contained >60% of the total recovered C, 

whereas less than half of the recovered C was in the LF at Whitmore (about 35%) and 

Feather Falls (about 40%).  
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Fertilizer and competing vegetation control affected LF characteristics at all three 

sites (Tables 3.3-3.4). At Elkhorn Ridge, vegetation control resulted in a 20% 

reduction in mass and whole-soil N recovered as LF (Table 3.3) and a 5% increase in 

LF C concentrations (Table 3.4). Fertilization increased LF N concentrations and 

decreased C:N ratios relative to the control, but the effect was lessened when the 

treatment was combined with herbicide application (p < 0.05). At Whitmore, 

fertilization increased LF N concentrations by 1.3 g N kg fraction-1 and decreased C:N 

ratios by 21%. Herbicide decreased LF C:N ratios by 2% and the combination of both 

treatments had an additive effect such that the lowest LF C:N ratios were in plots that 

received both treatments.  

 

Long-term Incubation 

DOC, DON, and NO3
--N 

Initial leachates (extracted on day 0) from Elkhorn Ridge soils contained 2.5 and 5 

times as much DOC as soils from Whitmore and Feather Falls, respectively (per g 

Cinitial, Table 3.5, Figures 3.2-3.4). The trend continued over the course of the 

incubation with soils from Elkhorn Ridge producing 1.5 to 3 times the DOC produced 

by soils from the other sites (Table 3.6, Figures 3.2-3.4). Elkhorn Ridge soils also 

released 3 to 6 times more DON than the other sites initially (per g Ninitial Table 3.5) 

and continued to release more DON over the course of the incubation (Table 3.6). 

Soils from Whitmore released more than twice as much DON initially than soils from 

Feather Falls (Table 3.5-3.6). Initial leachate DON:DOC was highest for Elkhorn 
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Ridge (0.033) than for Whitmore (0.024) and Feather Falls (0.019) (Figures 3.2-3.4). 

Initial release of DOC was positively correlated with initial release of DON across all 

sites and treatments (Figure 3.5, R2 = 0.7297). 

Concentrations of DOC in leachates from Elkhorn Ridge tended to be lower from 

plots that received fertilizer alone (Figure 3.2a), resulting in only about 25% of the 

cumulative DOC production of the other treatment combinations (Table 3.6, not 

statistically significant). At Whitmore, soils from fertilized plots produced slightly 

more DOC (an increase of approximately 0.1 mg g Cinitial
-1) than unfertilized plots, but 

all treatments produced more DOC over the entire incubation than controls (not 

statistically significant) (Figure 3.3a). Leachate DOC concentrations from Feather 

Falls varied little across treatments (Figure 3.4a). Fertilization increased cumulative 

DON production at Elkhorn and almost doubled DON release at Feather Falls (not 

statistically significant) (Table 3.6). At Whitmore, cumulative DON production 

doubled with fertilizer alone compared to the control and tripled with competing 

vegetation control compared to the control (not statistically significant) (Table 3.6).  

More than half of the TDN in the initial leachates from Elkhorn Ridge and 

Whitmore soils was DON, whereas the majority of N released from soils initially and 

throughout the incubation from Feather Falls was NO3
--N (Figure 3.6). Over the 225-

day incubation, the dominant form of N loss shifted to NO3
--N for both Whitmore and 

Whitmore. Whitmore also produced considerable portions of TDN as NH4
+-N (5% of 

cumulative TDN).  

Soils from Feather Falls produced more NO3
--N than the other sites initially, but 

lost less over the course of the incubation (Tables 3.5-3.6). All sites demonstrated a 
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spike in NO3
--N release by fertilized plots during the 16–55-day period, which was 

detectable in the TDN in leachates (Figures 3.2-3.4). However, treatments only 

affected initial extraction and cumulative production of NO3
--N and TDN for Feather 

Falls (Figure 3.4b). Fertilization at Feather Falls increased NO3
--N (and TDN) 

extracted during the first leaching (Table 3.5). For this site, control of competing 

vegetation decreased NO3
--N (and TDN) release initially and over the course of the 

incubation by about one-third (Figure 3.4b, Tables 3.5-3.6).  

 

Leachate C:N Ratios 

Leachate C:N ratios (calculated with TDN) were highest in the initial extraction 

and declined over the first 55 days, afterwhich values were relatively stable (Figures 

3.2-3.4). Initial leachates had C:N ratios at or slightly above whole-soil C:N ratios for 

Elkhorn Ridge (22) and at or slightly below whole-soil C:N ratios for Whitmore (26). 

In contrast, soils from Feather Falls produced leachates with C:N ratios much lower 

than whole-soil C:N (7–19 compared to 30). Elkhorn Ridge C:N ratios were lower 

with fertilization throughout the incubation (p = 0.0606, Figure 3.2c). Total 

cumulative C:N ratio decreased by 36–40% with fertilizer, herbicide, or the 

combination of both treatments at Whitmore compared to the control (Table 3.6). 

Initial leachate C:N ratios from soils at Feather Falls decreased 32% with fertilizer and 

initial and cumulative leachate C:N ratios increased 46% with competing vegetation 

control (Tables 3.5–3.6).  
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Short-Term Incubation 

As in the long-term incubation, soils from Elkhorn Ridge released the most DOC 

(4.19 mg g Cinitial
-1, Table 3.7). In addition, soils from this site mineralized the most C 

as CO2 (0.83 mg g Cinitial
-1). Feather Falls mobilized the least C via either flux type 

(1.24 and 0.26 mg g Cinitial
-1 for DOC and C as CO2, respectively, Table 3.7). Site 

means for CO2:DOC ratios ranged from 0.21 to 0.23 and did not vary significantly 

among sites, and CO2 and DOC fluxes were not correlated with one another (p > 0.1, 

Pearson and Spearman coefficients < 0.1). 

Similar to the 225-day incubation, fertilizer and herbicide treatments did not affect 

DOC release. However, they did influence CO2 fluxes and thus altered CO2:DOC 

ratios. Consistently over the course of the 16-day incubation period, soils from 

Elkhorn Ridge plots subjected to competing vegetation control without fertilization 

respired more and those from fertilized plots without competing vegetation control 

respired less than other treatments, although the effects were not statistically 

significant, due to high variance. Fertilizer, regardless of presence or absence of 

competing vegetation control, increased CO2 production 28% for soils from 

Whitmore, but the opposite effect was observed for soils from Feather Falls, where 

fertilization decreased respiration 42% (Table 3.7). Ratios of CO2:DOC for soils from 

Elkhorn Ridge were 40% higher with competing vegetation control and 32% lower 

with fertilizer. A similar effect of fertilizer occurred at Feather Falls, where soils from 

fertilized plots had 48% lower CO2:DOC, but the opposite was true at Whitmore, 

where fertilizer increased CO2:DOC by 30% (Table 3.7). 
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Discussion 

Density Fractionation 

Density fractionation has been used in attempts to physically separate the active 

fraction of SOM from the rest of the soil matrix. Unfortunately, success in isolating 

such a fraction in the laboratory by this, and other methods, is limited (Crow et al., 

2007). One of the problems associated with the density fractionation method is loss of 

soil mineral- and organic materials during the fractionation process. Suspended 

material can be lost during the rinsing of fractions (Crow et al., 2007). Mobilized 

fractions of C and N were lower in this study (7-20%) than the mobilized fractions 

reported by Crow et al. (2007) for the top 5 cm of an Andisol and an Alfisol, which 

ranged from 21-27% of total soil C and N (Crow et al., 2007). 

Selection of a density (or densities) to use for fractionation is not trivial and results 

will vary with differing soils and densities. We chose to fractionate all three of our 

soils at the same density, although what can be functionally described as LF may 

separate at different densities for different soils (Crow et al., 2007; Young and 

Spycher, 1979). In addition, efficacy of density fractionation in separating organic- 

and mineral materials at any density varies among soils of differing texture and 

mineralogy. We recovered a greater proportion of whole-soil C in the LF for soils 

from Elkhorn Ridge and in the DF for the finer-textured soils of Whitmore and 

Feather Falls. Similarly, Echeverría et al. (2004) recovered more whole-soil C in the 

LF of coarser-textured soils and more in the DF (>2 g cm-3) of finer-textured soils 

from a study of pine plantations in the southeastern USA. 
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Sequential density fractionation (Six et al., 2000; Sollins et al., 2006) can provide 

information about the characteristics of SOM of a given soil and can suggest densities 

at which to fractionate a specific soil to yield fractions that more closely resemble 

functionally active and inactive fractions. However, such fractionation is time- and 

resource-intensive and when differences in SOM among different soils are of interest 

sequential fractionation is not always practical. Thus, it is imperative that a simple 

density fractionation like the one conducted here be accompanied by other methods 

for describing SOM such as aerobic or anaerobic incubation (Crow et al., 2007; 

Swanston et al., 2002), SOM chemical composition (Golchin et al., 1997; Sollins et 

al., 2006), or use of isotopic labeling techniques (Haile-Mariam et al., 2000) or 

radiocarbon to infer turnover time (Swanston et al., 2005).  

 Light-fraction C:N ratios observed for these soils (41–61) are higher than those 

reviewed by Sollins et al. (2006), which ranged from 10 to 40. However, in that study 

they observed a much higher C:N ratio (66) for the Pacific Northwest forest soil they 

investigated (Sollins et al., 2006). They attributed the relatively high C:N ratio in their 

soil LF to a high charcoal content. It is possible that the somewhat high C:N ratios 

observed here are also elevated as a result of charcoal content, a theory supported by 

the observation of charcoal in these soils and the relatively high LF C concentrations 

(350–400 g C kg fraction-1) observed in these soils compared to the 150–360 g kg-1 

range reported by Sollins et al. (2006). 
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Laboratory Incubations 

Variance in fluxes of DN tended to be higher when expressed on a per soil basis 

than on a per g Ninitial basis. However, variance in DOC data was not changed or 

somewhat increased when expressed as per g Cinitial. In some cases, fertilization effects 

were detected when data were weighted by the mass of soil incubated, but not when 

weighted by initial N or C content. Whitmore also produced small but considerable 

portions of TDN as NH4
+-N, likely a result of slow leaching as filters became clogged 

with clay particles after repeated leachings during the 226-day incubation.  

Decline in C:N ratio of leachates over time is largely due to increased N 

mineralization over the course of the incubation resulting in higher N releases. In 

addition, extractions occurring early during incubation likely contained relatively high 

amounts of C-rich organic matter including compounds such as carbohydrates and 

phospholipids (Yano et al., 2004). These compounds tend to have a high potential for 

translocation in the soil profile as DOM and for utilization as a C source for 

microbiota (Lajtha et al., 2005).  

Reported responses of DOC, DON, and DIN production and C mineralization in 

laboratory incubation to nutrient additions are varied. Park et al. (2002) observed a 

decrease in DOC and an increase in DON and NO3
--N production with N additions 

during 100-day laboratory incubation of mixed-deciduous forest-floor material. In 

another incubation of forest-floor material (Magill and Aber, 2000), N additions 

decreased DOC production by white pine (Pinus strobus) needle litter slightly during 

the first month of incubation. However, DOC production between 9 to 11 weeks 

increased with NO3
- additions and decreased with NH4

+ additions relative to controls. 



 

 

105

Nitrogen additions had variable effects on DOC loss from deciduous litter, but 

increased DIN mineralization across the seven species studied (Magill and Aber, 

2000). Increased DOC concentrations in soil solution in the field were observed at 

fertilized Douglas-fir forests along a gradient in soil type and productivity in western 

Washington (Adams et al., 2005). We observed weak, inconsistent, and statistically 

insignificant effects of fertilization on DOC production. Nutrient additions appeared to 

decrease DOC mobilization at Elkhorn Ridge, but increase DOC loss from Whitmore 

compared to controls. Fertilization did increase N mineralization in some capacity at 

all three of our sites.  

Fertilization had no effect on C release at Elkhorn Ridge, although it did decrease 

CO2:DOC ratio indicating that less of the mobilized C was lost as respiration and more 

was lost as DOC. What this means for the stability of C at Elkhorn is unclear. A study 

on C dynamics along a gradient of nutrient availability in Hawaii revealed that C 

mineralization during laboratory incubation increased with site productivity (Torn et 

al., 2005). In the same study, experimental N inputs decreased SOM turnover rates, 

but P inputs increased turnover rates. The authors suggested that there may be an 

asynchrony between nutrients limiting growth and SOM decomposition (Torn et al., 

2005). Our observation of increased CO2 production at Whitmore following 

fertilization, and decreased respiration for Feather Falls supports this hypothesis and 

illustrates the importance of interactions between C and nutrient dynamics. In 

addition, differences among the 3 sites may result from differences in climate, soil 

characteristics such as texture or mineralogy, or differences in microbial communities.  
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Inconsistency of responses of SOM to nutrient additions found in laboratory 

incubations may indicate variable effects of nutrient additions on decomposition. 

Fertilization has been observed to increase decomposition of fine litter and coarse 

woody debris (Homann et al., 2001b; Jandl et al., 2003; Jandl et al., 2002; Li et al., 

2006; Vestgarden, 2001). There has been substantial evidence that nutrient additions 

increase initial degradation of fresh litter, but decrease decomposition of older more 

humified material (Berg, 2000b; Berg and Matzner, 1997; Magill and Aber, 1998; 

Neff et al., 2002). Decreases in soil respiration and C mineralization in incubations 

following fertilization of temperate forest soils have also been reported (Franklin et 

al., 2003; Swanston et al., 2004). In contrast , tropical forest soils have demonstrated 

increased utilization of old C pools following fertilization (Waldrop and Firestone, 

2004) and increased soil respiration following nutrient additions, particularly P 

(Cleveland and Townsend, 2006).  

Few studies have investigated the role of understory vegetation or competing 

vegetation control on SOM dynamics through laboratory incubation. Decline in TDN 

and NO3
--N release during incubation of soils from Feather Falls with competing 

vegetation control suggests that presence of understory vegetation may improve 

potential N availability. This hypothesis is supported by the work of Echeverría et al., 

(2004) who observed lower N mineralization potential in southern pine soils where 

competing vegetation had been controlled. The apparent reduction in SOM quality 

following competing vegetation control may have occurred at Feather Falls, but not at 

the other sites, because N-fixing ceanothus species were more abundant at Feather 

Falls than the other sites. Alternatively, reduced N mineralization from plots where 
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vegetation had been controlled at Feather Falls may be the result of altered microbial 

communities because we did not treat incubated soils with a common inoculum. No 

direct effects of glyphosate on microbial communities was found at these sites (Busse 

et al., 2001). Indirect affects on the microbial community through altered litter input or 

changes in microclimate are possible; however, another study found only small and 

inconsistent effects of weed control on microbial communities in a California mixed-

conifer plantation of similar climate (Busse et al., 2006). Competing vegetation 

control increased CO2:DOC ratio of C released during incubation at Elkhorn Ridge 

indicating that more of the mobilized C was lost as respiration and less was lost as 

DOC. This may suggest that competing vegetation control reduces retention of C in 

soils at Elkhorn Ridge because proportionally less of the C mineralized has the 

potential to be translocated within the soil profile.  

 

Conclusions 

Our results suggest that SOM at Elkhorn Ridge may be less stable than SOM at the 

Whitmore or Feather Falls sites. During density fractionation, more than half of the 

soil C recovered from Elkhorn Ridge soils was in the LF. In addition, a larger fraction 

of soil C was lost during density fractionation at the Elkhorn Ridge site indicating that 

surface soil C at Elkhorn Ridge is more labile or less protected than C at Whitmore 

and Feather Falls. Elkhorn Ridge soils lost a higher portion of total soil C during the 

first leaching in both incubations and respired more (cumulative mg C g Cinitial
-1) 

during 16-day incubation than those from the Whitmore and Feather Falls sites. In 

addition, C:N ratios in initial leachates from Elkhorn Ridge were the same or slightly 
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higher than the soil C:N ratio indicating these soils had relatively high proportions of 

unprotected and undecomposed OM. Although conditions at Elkhorn Ridge are 

favorable for accumulation of fresh organic matter due to low nutrient-status litter and 

low soil moisture in summer, the poorly developed, coarse-textured soils at the site are 

likely not conducive to organic matter retention (Oades, 1988). Organic matter from 

the site may have a relatively high potential for mobilization through leaching or soil 

respiration when favorable conditions for such processes occur in the field. 

In contrast, SOM at Feather Falls appears to be relatively stable. Despite having 

the largest portion of soil recovered in the LF, soils from Feather Falls retained more 

C and N (mg g Cinitial
-1 or mg g Ninitial

-1) during incubation than soils from the Elkhorn 

Ridge or Whitmore sites. It is possible that LF at Feather Falls contained more 

charcoal than the other sites, which could offer a partial explanation for this apparent 

discrepancy. Soils from Feather Falls also had the highest whole-soil C and N, but 

relatively small portions were extractable as DOM. These results suggest SOM at 

Feather Falls is more protected than SOM at Elkhorn Ridge and Whitmore. 

Fertilization may have improved SOM retention at Feather Falls as suggested by lower 

respiration.  

It is important to recognize that we incubated sieved soils in the laboratory, an 

exercise that does not provide accurate information about field fluxes of CO2, DOM, 

or DIN under ambient conditions. Sampling alters SOM dynamics by severing live 

roots, possibly increasing dead root litter available for decomposition, and eliminating 

the influence of live roots. Storing samples may affect microbial activity, and 

processing soil samples prior to incubation disrupts soil structure making C previously 
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bound in aggregates accessible to microbes. The controlled moisture and temperature 

used during the incubation are favorable for decomposition and are not directly 

applicable to field decomposition rates. In the field, DOM and DIN also have potential 

to be taken up by plants and microbiota, so leaching during incubation is usually 

higher than leaching losses in the field.  

We expected that fertilization early in stand development would result in improved 

SOM quality as measured by whole-soil and LF C and N concentrations and 

mobilization of C and N during incubation. As expected, effects of fertilization on 

SOM quality varied across sites. Assessment of whole-soil and LF N concentrations 

and C:N ratios suggested that fertilization increased SOM quality at Elkhorn Ridge 

and Whitmore, but not at Feather Falls where soils contained twice as much N without 

fertilization as the other sites. Nutrient additions had no effect on C mobilization at 

Elkhorn Ridge, but increased C mineralization at Whitmore as expected. At Feather 

Falls, however fertilization decreased C mineralization, possibly due to interactions 

between C and N that inhibited decomposition. 

We hypothesized that competing vegetation control reduces SOM quality. 

Competing vegetation control did not affect whole-soil chemistry, but influenced 

density fractionation results at Elkhorn Ridge and Whitmore. At Elkhorn Ridge, 

vegetation control appeared to decrease SOM quality through reductions in the amount 

of soil and whole-soil N recovered in LF and increases in LF C concentrations. The 

opposite appeared to be true at Whitmore where competing vegetation control 

decreased LF C:N ratios despite having no effect on N concentrations.  
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We observed increased stability of SOM with increasing productivity across the 

gradient of sites studied. Influences of nutrient additions and competing vegetation 

control early in stand development on SOM quality differed amongst sites. We saw 

some evidence that fertilization increased SOM quality at our poorer quality sites, but 

observed an apparent inhibitory affect of fertilization on C release at our highest 

quality site. We also observed evidence that competing vegetation control reduced 

SOM quality at all three of our sites, although specific effects varied. This study 

emphasizes the importance of using multiple methods to assess SOM quality and 

potential for SOM to respond differently to experimental manipulations at different 

sites. Differences among sites may result from differences in nutrient availability, 

climate, and soil characteristics and consideration of these differences is important to 

our overall understanding of SOM quality and dynamics 
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Table 3.1. Summary of selected characteristics for the Elkhorn Ridge, Whitmore, 
and Feather Falls study sites selected from the Garden of Eden Study. 
 
 Elkhorn Ridge Whitmore Feather Falls 

Productivity Low Intermediate High 

Age at sampling for density 
fractionation and 
incubation (yr) 

16 18 16 

Soil great group Dystroxerept Haplohumult Haploxeralf 

Parent material Metasediment Volcanic Volcanic 

Annual precipitation (mm) 1,015 1,140 1,780 

Elevation (m) 1,490 730 1,220 

0-10 cm soil  
clay content1 (%) 

18 34 28 

0-10 cm soil  
OM content1 (%) 

2 4 7 

0-10 cm soil pH1 5.9 5.6 5.9 

0-20 cm organic C (%)2 1.8 2.6 4.8 

0-20 cm N (%)2 0.09 0.11 0.17 

C  6.95 (3.03) 15.41 (4.71) 108.81 (14.20) 

H 26.03 (3.03) 64.10 (4.71) 140.75 (14.20) 

F 14.29 (3.03) 38.85 (4.71) 206.39 (14.20) 

15-year standing bole 
volume (m3 ha-1)3 

HF 43.14 (3.03) 91.67 (4.71) 182.52 (14.20) 
 

1 Measured in 1998 by Busse et al. (2001) 

2Data from the intitiation of the Garden of Eden study from Powers, personal 
communication; organic C concentration determined by the Walkley-Black 
method and N concentration determined by the Kjeldahl method  

3Powers (unpublished data). Treatment means are from analysis of variance and 
are followed by standard errors. Treatments: C = control, H = herbicide only, 
F = fertilizer only, HF = fertilizer and herbicide.  
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Table 3.2. Site means and treatment means from each site selected from the 
Garden of Eden Study for whole-soil C and N concentrations and C:N ratios.1  
 

 

Site & 
Productivity 

C N C:N 

 

Treatment2 
Mean, Site 
Mean, or 
Factor 

  

  g kg soil-1  
C 18.7 ± 2.4 0.9 ± 0.1a3 21.0 ± 1.7 
H 21.2 ± 2.4 1.0 ± 0.1ab 22.2 ± 1.7 
F 26.3 ± 2.4 1.1 ± 0.1b 23.6 ± 1.7 
HF 20.2 ± 2.4 0.9 ± 0.1a 21.9 ± 1.7 
Site mean 21.5 ± 1.3 1.0 ± 0.0 22.2 ± 0.8 
 p-value 
H 0.2011 0.0899 0.8974 
F 0.4545 0.1749 0.5231 

Elkhorn Ridge - 
Low 

H x F 0.1077 0.0249 0.4070 
  g kg soil-1  

C 30.7 ± 3.4 1.0 ± 0.1 29.3 ± 1.1 
H 26.4 ± 3.4 1.0 ± 0.1 26.4 ± 1.1 
F 32.6 ± 3.4 1.2 ± 0.1 26.0 ± 1.1 
HF 29.6 ± 3.4 1.2 ± 0.1 25.3 ± 1.1 

Whitmore - 
Intermediate 

Site mean 29.8 ± 1.6 1.1 ± 0.1 26.8 ± 1.1 
  p-value 
 H 0.3069 0.4972 0.1205 
 F 0.4713 0.0727 0.0737 
 H x F 0.8614 0.8062 0.3409 
  g kg soil-1  

C 60.8 ± 6.8 2.0 ± 0.2 30.8 ± 1.9 
H 58.5 ± 6.8 1.9 ± 0.2 30.5 ± 1.9 
F 60.4 ± 6.8 2.1 ± 0.2 28.2 ± 1.9 
HF 59.8 ± 6.8 1.9 ± 0.2 31.5 ± 1.9 

Feather Falls - 
High 

Site mean 59.9 ± 2.9 2.0 ± 0.1 30.2 ± 0.9 
  p-value 
 H 0.8345 0.4157 0.4462 
 F 0.9508 0.6468 0.7151 
 H x F 0.9064 0.5986 0.3871 
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Table 3.2. Site means and treatment means from each site selected from the 
Garden of Eden Study for whole-soil C and N concentrations and C:N ratios.1 
(Continued) 

 
1Values are means followed by standard errors. P-values for treatment factors 

were determined from analysis of variance. Boldface values are significant, α 
= 0.1. 

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer 
and herbicide. 

3Different letters denote statistically different treatments as assessed by multiple 
pair-wise comparisons with a Tukey adjustment, α = 0.1. 
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Table 3.3. Site means and treatment means from each site selected from the 
Garden of Eden Study for the proportion of soil mass, C, and N fractionated that 
was recovered in the light fraction (the remainder was recovered in the heavy 
fraction).1  
 

Proportion recovered as light fraction (%) Site & 
Productivity 

Treatment2 
or Site Mean Soil mass Soil C Soil N 
C 2.8 ± 0.43 64.2 ± 3.3 24.0 ± 2.94 
H 2.5 ± 0.4 60.0 ± 3.3 21.7 ± 2.9 
F 3.4 ± 0.4 63.0 ± 3.3 29.4 ± 2.9 
HF 2.5 ± 0.4 58.8 ± 3.3 21.8 ± 2.9 

Elkhorn 
Ridge - Low 

Site mean 2.8 ± 0.2 61.5 ± 1.7 24.2 ± 1.4 

C 2.8 ± 0.4 35.7 ± 3.0 20.4 ± 2.2 
H 2.4 ± 0.4 35.4 ± 3.0 20.4 ± 2.2 
F 2.7 ± 0.4 36.2 ± 3.0 23.0 ± 2.2 
HF 2.6 ± 0.4 28.9 ± 3.0 19.4 ± 2.2 

Whitmore - 
Intermediate 

Site mean 2.6 ± 0.2 34.1 ± 1.5 20.8 ± 1.1 

C 6.2 ± 0.9 40.5 ± 2.8 24.6 ± 2.2 
H 5.5 ± 0.9 40.5 ± 2.8 22.9 ± 2.2 
F 5.6 ± 0.9 38.9 ± 2.8 23.0 ± 2.2 
HF 6.2 ± 0.9 45.7 ± 2.8 26.7 ± 2.2 

Feather Falls - 
High 

Site mean 5.7 ± 0.4 41.4 ± 1.4 24.3 ± 1.1 

 

1Values are means followed by standard errors. Proportions recovered in the 
dense fraction can be calculated as 100% minus the proportion recovered in 
the light fraction. 

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer 
and herbicide. 

3Herbicide x density interaction, p = 0.0311  
4Herbicide x density interaction, p = 0.0404 



 

 

 

Table 3.4. Site means and treatment means from each site selected from the Garden of Eden Study for light- and dense-fraction C 
and N concentrations and C:N ratios.1  
 

Light Fraction Dense Fraction Site & 
Productivity 

Treatment2 or 
Site Mean 

C N C:N C N C:N 
  g kg fraction-1  g kg fraction-1  

C 381.2 ± 6.33 6.3 ± 0.1a4 61 ± 2a4 6.0 ± 6.3 0.6 ± 0.1 11 ± 2 
H 400.7 ± 6.2 6.7 ± 0.1ac 60 ± 2a 6.6 ± 6.3 0.6 ± 0.1 11 ± 2 
F 381.3 ± 6.2 7.7 ± 0.1b 49 ± 2b 8.3 ± 6.3 0.7 ± 0.1 12 ± 2 
HF 398.5 ± 6.2 7.0 ± 0.1c 57 ± 2ab 7.1 ± 6.3 0.6 ± 0.1 11 ± 2 

Elkhorn Ridge - 
Low 

Site mean 390.0 ± 3.1 6.9 ± 0.1 57 ± 1 7.0 ± 3.1 0.6 ± 0.1 11 ± 2 
        

C 363.8 ± 8.6 6.5 ± 0.35 56 ± 16 18.1 ± 8.6 0.7 ± 0.3 26 ± 1 
H 350.1 ± 8.6 6.9 ± 0.3 51 ± 1 15.8 ± 8.6 0.7 ± 0.3 24 ± 1 
F 350.3 ± 8.6 8.0 ± 0.3 44 ± 1 17.7 ± 8.6 0.8 ± 0.3 23 ± 1 
HF 325.7 ± 8.6 8.0 ± 0.3 41 ± 1 20.9 ± 8.6 0.9 ± 0.3 24 ± 1 

Whitmore - 
Intermediate 

Site mean 347.6 ± 4.3 7.3 ± 0.1 48 ± 1 18.1 ± 4.3 0.7 ± 0.2 24 ± 1 
        

C 368.6 ± 13.4 7.1 ± 0.3 52 ± 3 32.6  ± 13.4 1.3 ± 0.3 25 ± 3 
H 374.8 ± 13.4 6.5 ± 0.3 58 ± 3 31.2 ± 13.4 1.2 ± 0.3 25 ± 3 
F 360.5 ± 13.4 7.4 ± 0.3 49 ± 3 31.7 ± 13.4 1.4 ± 0.3 23 ± 3 
HF 370.0 ± 13.4 6.6 ± 0.3 56 ± 3 28.9 ± 13.4 1.2 ± 0.3 24 ± 3 

Feather Falls - 
High 

Site mean 368.5 ± 6.7 6.9 ± 0.1 54 ± 3 31.1 ± 6.7 1.3 ± 0.1 24 ± 1 122
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Table 3.4. Site means and treatment means from each site selected from the Garden of 
Eden Study for light- and dense-fraction C and N concentrations and C:N ratios.1 
(Continued) 
 

1Values are means followed by standard errors.  
2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 

herbicide. 
3H main effect (p = 0.0189), H < no H  
4Different letters denote statistically different treatments as assessed by multiple pair-

wise comparisons with a Tukey adjustment, α = 0.1.    
5F main effect (p = 0.0009), F > no F   
6H main effect (p = 0.0144), F main effect (p < 0.0001) 
 



 
 
 

 

 

 

Table 3.5. Site means and treatment means from each site selected from the Garden of Eden Study for DOC, DON, NO3
--N, 

NH4
+-N, and C:N in initial leachates.1 

 
DOC DON NO3

--N NH4
+-N C:N Site & 

Productivity 
Treatment2 or 
Site Mean  mg g Cinitial

-1 mg g Ninitial
-1  

C 2.11 ± 0.37 1.25 ± 0.26 0.11 ± 0.03 0.21 ± 0.13 27.32 ± 2.02
H 1.94 ± 0.37 1.62 ± 0.26 0.10 ± 0.03 0.21 ± 0.13 23.30 ± 2.02
F 1.69 ± 0.37 1.36 ± 0.26 0.13 ± 0.03 0.44 ± 0.13 20.75 ± 2.02
HF 2.01 ± 0.37 1.34 ± 0.26 0.09 ± 0.03 0.19 ± 0.13 25.53 ± 2.02
Site mean 1.94 ± 0.16 1.39 ± 0.12 0.11 ± 0.01 0.27 ± 0.06 24.22 ± 1.14
 p-value 
H 0.8356 0.5148 0.5269 0.3334 0.8557 
F 0.6416 0.7536 0.8899 0.3987 0.3159 

Elkhorn Ridge 
- Low 

H x F 0.5282 0.4727 0.7244 0.3555 0.06143 
  mg g Cinitial

-1 mg g Ninitial
-1  

C 0.69 ± 0.06 0.42 ± 0.07 0.21 ± 0.04 0.19 ± 0.02 26.07 ± 3.05
H 0.70 ± 0.06 0.45 ± 0.07 0.24 ± 0.04 0.13 ± 0.02 24.09 ± 3.05
F 0.81 ± 0.06 0.58 ± 0.07 0.21 ± 0.04 0.13 ± 0.02 23.08 ± 3.05
HF 0.80 ± 0.06 0.49 ± 0.07 0.13 ± 0.04 0.15 ± 0.02 25.90 ± 3.05
Site mean 0.75 ± 0.03 0.48 ± 0.03 0.19 ± 0.02 0.15 ± 0.01 24.79 ± 1.36
 p-value 
H 0.6964 0.7856 0.5587 0.3012 0.8933 
F 0.7755 0.8392 0.2210 0.4817 0.8520 

Whitmore - 
Intermediate 

H x F 0.3676 0.3224 0.2515 0.1060 0.4548 
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Table 3.5. Site means and treatment means from each site selected from the Garden of Eden Study for DOC, DON, NO3
--N, 

NH4
+-N, and C:N in initial leachates.1 (Continued) 

 
DOC DON NO3

--N NH4
+-N C:N Site & 

Productivity 
Treatment2 or 
Site Mean  mg g Cinitial

-1 mg g Ninitial
-1  

C 0.40 ± 0.06 0.24 ± 0.08 0.38 ± 0.23 0.13 ± 0.02 17.06 ± 3.05
H 0.32 ± 0.06 0.18 ± 0.08 0.34 ± 0.23 0.08 ± 0.02 18.84 ± 3.05
F 0.36 ± 0.06 0.17 ± 0.08 1.27 ± 0.23 0.08 ± 0.02 7.36 ± 3.05
HF 0.39 ± 0.06 0.28 ± 0.08 0.38 ± 0.23 0.11 ± 0.02 16.99 ± 3.05
Site mean 0.37 ± 0.00 0.21 ± 0.04 0.59 ± 0.15 0.10 ± 0.01 15.06 ± 1.36
 p-value 
H 0.9326 0.6312 0.0783 0.5333 0.0982 
F 0.1095 0.1842 0.0782 0.5593 0.0946 

Feather Falls - 
High 

H x F 0.8150 0.4222 0.2515 0.03713 0.2339 
 

1Values are means followed by standard errors. P-values for treatment factors were determined from analysis of variance. 
Boldface values are significant, α = 0.1. 

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide. 
3No significant contrasts between treatments, α = 0.1. 
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Table 3.6. Site means and treatment means from each site selected from the Garden of Eden Study for DOC, DON, NO3
--N, 

NH4
+-N, and C:N in total cumulative leachates.1 

  
Treatment2 
or  

DOC DON NO3
--N NH4

+-N C:N Site & 
Productivity 

Site Mean mg g Cinitial
-1 mg g Ninitial

-1  
C 8.63 ± 0.83 2.68 ± 1.38 55.89 ± 7.64 1.34 ± 0.34 3.08 ± 0.24a3 
H 8.05 ± 0.83 3.50 ± 1.38 72.81 ± 7.64 1.11 ± 0.34 2.45 ± 0.24ab 

F 6.17 ± 0.83 4.77 ± 1.38 78.90 ± 7.64 1.23 ± 0.34 1.79 ± 0.24b 

HF 9.24 ± 0.83 3.57 ± 1.38 67.71 ± 7.64 1.14 ± 0.34 3.02 ± 0.24a 

Site mean 8.03 ± 0.49 3.63 ± 0.63 68.83 ± 4.14 1.20 ± 0.15 1.20 ± 0.15 
 p-value 
H 0.1730 0.5148 0.7178 0.4136 0.2499 
F 0.4695 0.7536 0.2747 0.8913 0.1724 

Elkhorn 
Ridge - Low 

H x F 0.0603 0.4727 0.1029 0.7035 0.0047 
  mg g Cinitial

-1 mg g Ninitial
-1  

C 4.52 ± 0.34 0.44 ± 0.82 49.55 ± 6.60 2.23 ± 2.31 2.89 ± 0.18a3 

H 4.88 ± 0.34 2.77 ± 0.82 73.97 ± 6.60 3.92 ± 2.31 1.81 ± 0.18b 

F 4.58 ± 0.34 0.79 ± 0.82 72.18 ± 6.60 4.56 ± 2.31 1.74 ± 0.18b 

HF 5.07 ± 0.34 1.11 ± 0.82 69.16 ± 6.60 5.46 ± 2.31 1.84 ± 0.18b 

Site mean 4.77 ± 0.16 1.27 ± 0.44 66.22 ± 4.07 3.38 ± 1.07 2.07 ± 0.16 
 p-value 
H 0.7929 0.1470 0.4876 0.7773 0.0295 
F 0.6957 0.4468 0.5435 0.7951 0.0166 

Whitmore - 
Intermediate 

H x F 0.6897 0.2581 0.2901 0.2743 0.0123 
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Table 3.6. Site means and treatment means from each site selected from the Garden of Eden Study for DOC, DON, NO3
--N, 

NH4
+-N and C:N in total cumulative leachates.1 (Continued) 

  
Treatment2 
or  

DOC DON NO3
--N NH4

+-N C:N Site & 
Productivity 

Site Mean mg g Cinitial
-1 mg g Ninitial

-1  
C 2.63 ± 0.30 0.46 ± 0.23 46.47 ± 5.81 0.66 ± 0.16 1.77 ± 0.33 
H 2.84 ± 0.30 0.50 ± 0.23 31.81 ± 5.81 0.76 ± 0.16 2.80 ± 0.33 
F 2.90 ± 0.30 0.83 ± 0.23 48.20 ± 5.81 0.52 ± 0.16 1.80 ± 0.33 
HF 2.85 ± 0.30 0.86 ± 0.23 38.34 ± 5.81 0.81 ± 0.16 2.42 ± 0.33 
Site mean 2.81 ± 0.13 0.66 ± 0.11 41.20 ± 3.18 0.68 ± 0.07 2.19 ± 0.19 
 p-value 
H 0.2517 0.6312 0.0682 0.3102 0.0367 
F 0.7209 0.1842 0.4980 0.9500 0.6112 

Feather 
Falls - High 

H x F 0.8561 0.4222 0.6907 0.8163 0.5462 
 
1Values are means followed by standard errors. P-values for treatment factors were determined from analysis of variance. 

Boldface values are significant, α = 0.1. 
2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide. 
3Different letters denote statistically different treatments as assessed by multiple pair-wise comparisons with a Tukey adjustment, 
α = 0.1.  
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 Table 3.7. Site means and treatment means from each site selected from the 

Garden of Eden Study for cumulative CO2 and DOC release and the ratio of C 
fluxes over 16-day incubation1. 
  

Treatment 
or

Cumulative CO2 
Flux

DOC CO2:DOC Site & 
Productivity 

Site Mean mg g Cinitial
-1  

C 0.79 ± 0.15 4.19 ± 0.86 0.19 ± 0.03 
H 1.07 ± 0.15 3.60 ± 0.86 0.31 ± 0.03 
F 0.66 ± 0.15 4.33 ± 0.86 0.16 ± 0.03 
HF 0.80 ± 0.15 4.65 ± 0.86 0.18 ± 0.03 
Site mean 0.83 ± 0.08 4.19 ± 0.38 0.21 ± 0.02 
 p-value 
H 0.1886 0.8763 0.0483 
F 0.2037 0.5090 0.0329 

Elkhorn 
Ridge - 
Low 

H x F 0.6523 0.6109 0.1390 
   

C 0.44 ± 0.06 2.26 ± 0.41 0.20 ± 0.04 
H 0.40 ± 0.06 2.82 ± 0.41 0.17 ± 0.04 
F 0.60 ± 0.06 1.94 ± 0.41 0.31 ± 0.04 
HF 0.48 ± 0.06 1.88 ± 0.41 0.25 ± 0.04 
Site mean 0.48 ± 0.03 2.26 ± 0.22 0.23 ± 0.02 
 p-value 
H 0.2150 0.5873 0.2668 
F 0.0825 0.1916 0.0642 

Whitmore - 
Intermediate

H x F 0.5420 0.5104 0.7894 
   

C 0.31 ± 0.05 1.24 ± 0.22 0.26 ± 0.04 
H 0.36 ± 0.05 1.15 ± 0.22 0.32 ± 0.04 
F 0.17 ± 0.05 1.23 ± 0.22 0.13 ± 0.04 
HF 0.21 ± 0.05 1.35 ± 0.22 0.17 ± 0.04 
Site mean 0.26 ± 0.03 1.24 ± 0.10 0.22 ± 0.03 
 p-value 
H 0.4034 0.9613 0.2823 
F 0.0132 0.6792 0.0071 

Feather 
Falls - High 

H x F 0.9256 0.6294 0.7905 
 

1Values are means followed by standard errors. P-values for treatment factors were 
determined from analysis of variance. Boldface values are significant, α = 0.1. 

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide. 



 

 

 

 
 
 
 
 

 
 
 
Figure 3.1. Mass balance of total recovered and mobilized fractions of whole-soil, C, and N for the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites. Mobilized fractions are calculated as the difference between the whole-soil 
(unfractionated) and the recovered dense and light fractions. Values are means across treatments ± one standard error. 
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Figure 3.2. Effects of treatments on (a) DOC fluxes, (b) TDN fluxes, and (c) C:N ratio 
of fluxes from leachates at Elkhorn Ridge over 225-day incubation. Treatments: HF = 
herbicide and fertilizer, F = fertilizer only, H = herbicide only, C = control. Values are 
medians that have been back-transformed from natural log-transformed data. Error 
bars are back-transformed 95% confidence intervals. 
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Figure 3.3. Effects of treatments on (a) DOC fluxes, (b) TDN fluxes, and (c) C:N ratio 
of fluxes from leachates at Whitmore over 225-day incubation. Treatments: HF = 
herbicide and fertilizer, F = fertilizer only, H = herbicide only, C = control. Values are 
medians that have been back-transformed from natural log-transformed data. Error 
bars are back-transformed 95% confidence intervals. 
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Figure 3.4. Effects of treatments on (a) DOC fluxes, (b) TDN fluxes, and (c) C:N ratio 
of fluxes from leachates at Feather Falls over 225-day incubation. Treatments: HF = 
herbicide and fertilizer, F = fertilizer only, H = herbicide only, C = control. Values are 
medians that have been back-transformed from natural log-transformed data. Error 
bars are back-transformed 95% confidence intervals. 
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Figure 3.5. Relationship between DOC and DON in initial leaching extractant across 
all treatments and sites selected from the Garden of Eden Study. 
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Figure 3.6. Forms of N as a proportion of TDN in initial leachate and total cumulative 
leachate after 225 days by site and treatment for the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites. Treatment are: HF = herbicide and fertilizer, 
F = fertilizer only, H = herbicide only, C = no treatment control. Values are means 
determined by analysis of variance at day 0 or day 225 ± 1 standard error. 
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CHAPTER 4 
 
 

CONCLUSIONS 
 

Carbon storage increased dramatically across the site-quality gradient in this study 

of 18–20-yr-old ponderosa pine stands in northern California. Mean belowground C 

pools, consisting of forest floor, fine-roots, and mineral soil to 1 m, were 83, 177, and 

206 Mg C ha-1 for the low-, intermediate-, and high-quality sites, respectively. 

Magnitude and, in some cases, direction of responses of belowground C pools and 

SOM quality to fertilization and competing vegetation control implemented 

periodically during the first six years of stand development varied amongst sites, 

illustrating the importance of site factors in determining such responses. 

Control plots at Elkhorn Ridge, the least productive site, stored less than half as 

much C belowground as controls at Whitmore, the site of intermediate productivity, 

and one-third as much as controls at Feather Falls, the most productive site. Low C 

storage at Elkhorn Ridge is a function of low C inputs, harsh climatic conditions, and 

poorly developed skeletal soils, all of which relate to low site quality and productivity. 

In addition to having smaller soil C pools than the other sites, soil C at Elkhorn Ridge 

is not well-protected and has greater potential to be lost should conditions favorable 

for decomposition occur in the field (e.g. increased soil moisture). The large portion of 

whole-soil C that was recovered in the light fraction and high C:N ratios of initial 

water extractions compared to whole-soils suggest that soils at this site contain 

relatively high amounts of undecomposed fresh litter inputs. The 1) large fraction of 

soil C mobilized during density fractionation, 2) high release of DOC and DON during 



 
 

 

136

incubation, and 3) higher C mineralization suggest that soils at Elkhorn Ridge contain 

more-labile or less-protected SOM than soils at Whitmore and Feather Falls. Although 

conditions at Elkhorn Ridge are favorable for accumulation of fresh organic matter 

resulting from low nutrient-status litter and low soil moisture in summer, relatively 

poor long-term stabilization of C in these soils is likely not conducive to a high degree 

of organic matter retention. Consequently, organic matter from the site may have 

relatively high potential for mobilization through leaching or soil respiration when 

favorable conditions for such processes occur in the field. 

In contrast, Feather Falls, the most productive site, had the largest belowground C 

pool of the sites studied. Belowground C storage at Feather Falls was three times 

higher than Elkhorn Ridge and 1.3 times higher than Whitmore for control plots. Soil 

C appears to be more protected at Feather Falls than the other sites. Feather Falls had 

the highest dense-fraction C and N concentrations, suggesting these soils contain more 

mineral-associated SOM. In addition, soils from Feather Falls released less C and N 

during incubation than soils from the Elkhorn Ridge or Whitmore sites. These results 

support the hypothesis that SOM is more protected at Feather Falls than the other sites, 

despite having the most LF at Feather Falls. It is possible that LF at Feather Falls 

contained more charcoal than the other sites, which could offer a partial explanation 

for this apparent discrepancy.  

With a few exceptions, the Whitmore site was intermediate in C and N storage and 

SOM quality. The exception to this is that Whitmore had 1) higher mineral-soil and 

LF N concentrations, 2) lower C:N ratio of whole-soil and LF, and 3) produced 3 to 4 

times more NH4
+ during incubation than the other sites. High release of NH4

+ relative 
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to the other sites was probably the result of slow leaching as filters became clogged 

with clay particles after repeated leachings, rather than an indication of SOM quality 

at the site. 

I hypothesized that total belowground C pools would increase in response to 

fertilization and decrease in response to competing vegetation control at these sites. 

Fertilization increased total C pools at Elkhorn and Whitmore, but had no effect at 

Feather Falls. The most dramatic response to fertilization, however, occurred in forest 

floors, which increased in mass and C content at all sites. Total belowground pools, 

exclusive of coarse roots, were not as strongly affected by fertilization, however. 

Competing vegetation control had no effect on total pools, and only affected forest-

floor C pools at Elkhorn Ridge by increasing C content. 

I also hypothesized that fertilization would improve SOM quality and competing 

vegetation control would decrease SOM quality as measured by whole-soil- and LF C 

and N concentrations and mobilization of C and N during incubation. Again, response 

to fertilization by SOM quality varied across sites. Fertilization increased whole-soil- 

and LF N concentrations and decreased LF C:N ratio at Elkhorn Ridge and at 

Whitmore, suggesting an increase in SOM quality following nutrient additions at these 

sites. Increased C mineralization at Whitmore supports this hypothesis. Residual N 

from fertilization was not observed in whole-soils or light-fractions for soils from 

Feather Falls, implying that SOM quality was not increased by nutrient additions 

there. To the contrary, decreased C mineralization for fertilized soils from Feather 

Falls implies a decrease in decomposition in response to added nutrients, possibly the 

result of interactions between C and N that inhibit decomposition. This suggests that 
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fertilization at Feather Falls increases C stabilization, possibly increasing the capacity 

for these soils to store C. However, I did not observe increased C storage 12 years 

after fertilization ceased at Feather Falls. 

Competing vegetation control did not affect whole-soil N or C pools, but there 

were indications of altered SOM quality in response to this treatment. Competing 

vegetation control appeared to have reduced SOM quality at Elkhorn Ridge and 

Feather Falls. In addition, competing vegetation control reduced the amount of 

material and whole-soil N recovered in the LF at Elkhorn Ridge, and increased C:N 

ratio in leachates at Feather Falls, suggesting lower quality dissolved OM. This 

decrease of forest-floor N concentration and increase of C:N ratio in the forest floor at 

Feather Falls are evidence of reduced litter quality in response to competing 

vegetation control. However, decreased C:N ratio of LF at Whitmore implies the 

opposite response to competing vegetation control. Although results from these sites 

in response to competing vegetation control are inconsistent, it remains possible that 

over the longer period of multiple rotations declines in soil quality could occur in 

association with competing vegetation control treatments. 

Results of this study in conjunction with aboveground forest productivity data 

collected at these sites by the USFS PSW Research Station in Redding, CA suggest 

that the largest improvements in C sequestration with forest management of these 

ponderosa pine stands occur in the aboveground biomass, with smaller, but potentially 

significant, responses occurring in forest floors. In addition, forest floors are the most 

sensitive of the belowground C pools to the silvicultural treatments imposed during 

the first six years of the Garden of Eden Study at these three sites. This observation 
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emphasizes the importance of management for organic matter retention in these 

ponderosa pine forests, already a consideration for maintenance of soil productivity 

and sustainable forestry. Consideration of the longevity of management-enhanced 

belowground C sequestration will be important in determining success of management 

of these types of forest systems because increased C storage in forest floors and, to a 

lesser extent, in mineral soils resulting from nutrient additions or competing 

vegetation control may not amount to long-term C storage if stands are disturbed 

before organic matter is stabilized.  

Studies conducted across a range of site productivity like this one aid in 

identification of sites 1) that might be appropriate to manage for enhanced C 

sequestration belowground, 2) where belowground C pools may be especially 

sensitive to disturbance, and 3) where long-term forest productivity may be affected 

by competing vegetation control or nutrient manipulations. Increased knowledge of 

what types of sites fall into these categories can improve our understanding of how 

site conditions interact with factors affecting C stabilization and destabilization in soils 

and long-term site productivity.  
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APPENDICES 

 

APPENDIX 1 

 

ACCESSORY TABLES AND FIGURE FOR CHAPTER 2 

 

Table A1.1. Treatment means for each site by depth for root density, root C 
concentration, root N concentration for the Elkhorn Ridge, Whitmore, and Feather 
Falls Garden of Eden Study sites. Data also presented in Figure 2.1a-c.1 

 

Depth Root 
Density 

Root C Root N Site & 
Productivity 

Treatment2 
or Site 
Mean (cm) mg cm-3 % 

0-15 2.22 ± 0.31 58.4 ± 3.2 0.53 ± 0.133 

15-30 2.07 ± 0.40 53.9 ± 2.4 0.63 ± 0.05 
30-60 0.76 ± 0.30 43.7 ± 4.3 0.48 ± 0.12 

C 

60-100 0.51 ± 0.24 51.5 ± 1.7 0.51 ± 0.07 
0-15 2.17 ± 0.31 55.6 ± 2.7 0.71 ± 0.11 
15-30 2.29 ± 0.40 56.2 ± 2.4 0.76 ± 0.05 
30-60 0.65 ± 0.30 56.3 ± 3.6 0.67 ± 0.10 

H 

60-100 0.69 ± 0.24 53.1 ± 1.7 0.48 ± 0.07 
0-15 2.27 ± 0.31 58.0 ± 2.7 1.25 ± 0.11 
15-30 2.31 ± 0.40 53.3 ± 2.4 0.84 ± 0.05 
30-60 0.76 ± 0.30 54.9 ± 3.6 0.83 ± 0.10 

F 

60-100 0.68 ± 0.24 52.5 ± 1.7 0.77 ± 0.07 
0-15 1.87 ± 0.31 59.7 ± 2.7 0.87 ± 0.11 
15-30 2.31 ± 0.40 53.7 ± 2.4 0.71 ± 0.05 
30-60 0.71 ± 0.30 51.5 ± 3.6 0.62 ± 0.10 

Elkhorn 
Ridge –  
Low  

HF 

60-100 0.77 ± 0.24 52.2 ± 2.6 0.61 ± 0.10 
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Table A1.1. Treatment means for each site by depth for root density, root C 
concentration, root N concentration for the Elkhorn Ridge, Whitmore, and Feather 
Falls Garden of Eden Study sites Data also presented in Figure 2.1a-c.1 (Continued) 
 

Depth Root 
Density 

Root C Root N Site Treatment2 
or Site 
Mean (cm) mg cm-3 % 
C 0-15 2.19 ± 0.69 52.1 ± 2.64 0.67 ± 0.045

 15-30 1.76 ± 0.55 56.7 ± 1.9 0.55 ± 0.07 
 30-60 0.34 ± 0.25 54.1 ± 2.7 0.55 ± 0.08 
 60-100 0.22 ± 0.24 54.7 ± 2.7 0.68 ± 0.06 Whitmore – 

Intermediate  H 0-15 3.99 ± 0.69 50.9 ± 2.6 0.72 ± 0.04 
  15-30 1.77 ± 0.55 52.7 ± 1.9 0.67 ± 0.07 
  30-60 0.59 ± 0.25 56.9 ± 2.7 0.61 ± 0.08 
  60-100 0.75 ± 0.24 59.8 ± 2.7 0.57 ± 0.06 
 F 0-15 3.26 ± 0.69 53.7 ± 2.6 0.82 ± 0.04 
  15-30 1.96 ± 0.55 56.9 ± 1.9 0.79 ± 0.07 
  30-60 0.73 ± 0.25 57.4 ± 2.7 0.75 ± 0.08 
  60-100 0.59 ± 0.24 57.1 ± 2.7 0.65 ± 0.06 
 HF 0-15 2.03 ± 0.84 45.6 ± 3.1 0.91 ± 0.05 
  15-30 2.97 ± 0.67 49.9 ± 2.4 0.71 ± 0.08 
  30-60 0.76 ± 0.30 52.9 ± 3.3 0.65 ± 0.10 
  60-100 0.91 ± 0.29 54.8 ± 3.2 0.78 ± 0.08 

 
C 0-15 4.19 ± 1.686 55.8 ± 1.67 0.88 ± 0.138

 15-30 1.74 ± 0.40 55.5 ± 3.0 0.84 ± 0.08 
 30-60 1.08 ± 0.23 53.3 ± 2.8 0.69 ± 0.06 
 60-100 0.58 ± 0.18 54.9 ± 4.7 0.68 ± 0.14 

Feather 
Falls – High  

H 0-15 7.03 ± 1.68 53.4 ± 1.6 0.61 ± 0.13 
  15-30 3.00 ± 0.40 55.0 ± 3.0 0.69 ± 0.08 
  30-60 0.86 ± 0.23 49.0 ± 2.8 0.64 ± 0.06 
  60-100 1.15 ± 0.18 47.9 ± 3.8 0.63 ± 0.11 
 F 0-15 2.46 ± 1.68 52.9 ± 1.6 1.09 ± 0.13 
  15-30 2.61 ± 0.40 53.2 ± 3.0 0.92 ± 0.08 
  30-60 1.47 ± 0.23 56.3 ± 2.8 0.91 ± 0.06 
  60-100 0.93 ± 0.18 53.1 ± 3.8 0.66 ± 0.11 
 HF 0-15 1.70 ± 1.68 53.8 ± 1.6 0.94 ± 0.13 
  15-30 2.55 ± 0.40 48.5 ± 3.0 0.86 ± 0.08 
  30-60 1.82 ± 0.23 44.9 ± 2.8 0.60 ± 0.06 
  60-100 0.95 ± 0.18 51.0 ± 3.8 0.64 ± 0.11 
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Table A1.1. Treatment means for each site by depth for root density, root C 
concentration, root N concentration for the Elkhorn Ridge, Whitmore, and Feather 
Falls Garden of Eden Study sites Data also presented in Figure 2.1a-c.1 

 

1Means are followed by standard errors. 
2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 

herbicide. 
3F*depth interaction, F > no F for 0-15 cm (p = 0.0010); H*F interaction, C < F (p = 

0.0020), C < HF (p = 0.0951), and H < F (p = 0.0117) 
4H*depth interaction, H < no H for 0-15 cm (p = 0.0988); 15-30 cm (p = 0.0144) 
5F main effect, F > no F (p = 0.0102) 
6F*depth interaction, F < no F for 0-15 cm (p = 0.0456); F < no F for 30-60 cm (p = 

0.0094) 
7H main effect, H < no H (p = 0.0300) 
8F main effect, F > no F (p = 0.0413); H main effect H < no H (p = 0.0297) 
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Table A1.2. Treatment means for each site by depth for mineral-soil C and N 
concentrations and C:N for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of 
Eden Study sites. Data also presented in Figure 2.2a-c.1 

 
Depth Soil C Soil N C:N Site & 

Productivity 
Treatment2 
or Site 
Mean 

(cm) %  

C 0-15 1.56 ± 0.18 0.06 ± 0.013 24.4 ± 3.2 
 15-30 0.83 ± 0.14 0.06 ± 0.01 14.6 ± 2.6 
 30-60 0.53 ± 0.09 0.05 ± 0.00 10.2 ± 1.7 
 60-100 0.27 ± 0.10 0.05 ± 0.01 6.2 ± 2.0 

Elkhorn 
Ridge – 
Low  

H 0-15 1.88 ± 0.18 0.07 ± 0.01 27.4 ± 3.2 
  15-30 1.05 ± 0.14 0.06 ± 0.01 17.5 ± 2.6 
  30-60 0.60 ± 0.09 0.05 ± 0.00 11.4 ± 1.7 
  60-100 0.44 ± 0.10 0.04 ± 0.01 11.4 ± 2.0 
 F 0-15 2.00 ± 0.18 0.09 ± 0.01 21.8 ± 3.2 
  15-30 1.13 ± 0.14 0.06 ± 0.01 18.0 ± 2.6 
  30-60 0.63 ± 0.09 0.05 ± 0.00 13.4 ± 1.7 
  60-100 0.42 ± 0.10 0.03 ± 0.01 12.5 ± 2.0 
 HF 0-15 1.76 ± 0.18 0.08 ± 0.01 21.2 ± 3.2 
  15-30 0.87 ± 0.14 0.05 ± 0.01 18.0 ± 2.6 
  30-60 0.57 ± 0.09 0.06 ± 0.00 9.7 ± 1.7 
  60-100 0.30 ± 0.10 0.04 ± 0.01 6.6 ± 2.0 
      

C 0-15 3.05 ± 0.304 0.10 ± 0.015 31.0 ± 1.36 
 15-30 1.29 ± 0.17 0.06 ± 0.01 22.4 ± 1.7 
 30-60 0.66 ± 0.06 0.04 ± 0.00 18.7 ± 0.9 
 60-100 0.33 ± 0.10 0.02 ± 0.00 14.9 ± 1.7 
H 0-15 3.25 ± 0.30 0.11 ± 0.01 29.7 ± 1.3 
 15-30 1.58 ± 0.17 0.08 ± 0.01 21.4 ± 1.7 
 30-60 0.75 ± 0.06 0.04 ± 0.00 20.0 ± 0.9 
 60-100 0.52 ± 0.10 0.02 ± 0.00 19.8 ± 1.7 
F 0-15 3.87 ± 0.30 0.14 ± 0.01 27.8 ± 1.3 
 15-30 1.94 ± 0.17 0.08 ± 0.01 25.7 ± 1.7 
 30-60 0.72 ± 0.06 0.04 ± 0.00 18.8 ± 0.9 
 60-100 0.39 ± 0.10 0.02 ± 0.00 15.8 ± 1.7 
HF 0-15 3.13 ± 0.30 0.12 ± 0.01 27.1 ± 1.3 
 15-30 1.59 ± 0.17 0.06 ± 0.01 24.2 ± 1.7 
 30-60 0.71 ± 0.06 0.04 ± 0.00 17.4 ± 0.9 

Whitmore – 
Intermediate  

 60-100 0.28 ± 0.13 0.02 ± 0.00 15.3 ± 2.1 
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Table A1.2. Treatment means for each site by depth for mineral-soil C and N 
concentrations and C:N for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of 
Eden Study sites. Data also presented in Figure 2.2a-c.1 (Continued) 
 

Depth Soil C Soil N C:N Site & 
Productivity 

Treatment2 
or Site 
Mean 

(cm) %  

C 0-15 5.11 ± 0.46 0.16 ± 0.02 31.2 ± 1.9 
 15-30 3.13 ± 0.55 0.11 ± 0.02 27.0 ± 1.5 
 30-60 0.98 ± 0.46 0.04 ± 0.01 26.8 ± 2.4 
 60-100 0.62 ± 0.46 0.02 ± 0.01 29.1 ± 2.7 
H 0-15 5.31 ± 0.46 0.16 ± 0.02 32.2 ± 1.9 
 15-30 3.29 ± 0.46 0.11 ± 0.02 29.0 ± 1.5 
 30-60 1.13 ± 0.46 0.04 ± 0.01 28.0 ± 2.4 
 60-100 0.48 ± 0.46 0.02 ± 0.01 27.8 ± 2.7 
F 0-15 5.07 ± 0.46 0.17 ± 0.02 28.5 ± 1.9 
 15-30 3.33 ± 0.46 0.12 ± 0.02 28.7 ± 1.5 
 30-60 1.14 ± 0.46 0.04 ± 0.01 27.4 ± 2.4 
 60-100 0.60 ± 0.46 0.02 ± 0.01 28.8 ± 2.7 
HF 0-15 4.29 ± 0.46 0.15 ± 0.02 29.5 ± 1.9 
 15-30 2.67 ± 0.46 0.09 ± 0.02 28.5 ± 1.5 
 30-60 1.59 ± 0.46 0.06 ± 0.01 29.1 ± 2.4 

Feather 
Falls – High  

 60-100 0.65 ± 0.46 0.03 ± 0.01 24.7 ± 2.7 
 

1Means are followed by standard errors. 
2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 

herbicide. 
3F*depth interaction, F > no F for 0-15 cm (p = 0.0816) 
4F*H interaction, F > C for all depths (p = 0.0856)  
5F*H interaction, F > C for all depths (p = 0.0348); F*depth interaction, F > no F for  

0-15 cm (p = 0.0092) 
6F < no F for 0-15 cm (p = 0.0299) and 15-30 cm (p = 0.0898) 
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Table A1.3. Total belowground C and distribution of C as proportion of total 
belowground C for each treatment for the three selected study sites for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. Data also presented 
in Figures 2.3.1 

 
Total C Pool Fine Roots Forest 

Floor 
Mineral 

Soil 
Site & 

Productivity 
Treatment2 

or Site 
Mean Mg ha-1 Fraction of Total C Pool (%) 

C 65.7 ± 10.6 8.6 ± 1.4 4.8 ± 1.4 86.6 ± 1.4
H 87.5 ± 10.6 7.4 ± 1.4 7.1 ± 1.4 85.4 ± 1.4
F 102.9 ± 10.6 6.2 ± 1.4 5.3 ± 1.4 88.4 ± 1.4

HF 76.9 ± 10.6 7.9 ± 1.4 8.3 ± 1.4 83.2 ± 1.4

Elkhorn 
Ridge – 
Low  

Site mean 83.2 ± 6.1 7.6 ± 1.7 6.5 ± 2.3 85.9 ± 3.3
      
 H 0.8456 N/A4 N/A N/A 
 F 0.2452 N/A N/A N/A 
 H x F 0.05423 N/A N/A N/A 
      

C 152.8 ± 9.6 2.8 ± 0.9 6.7 ± 0.9 90.5 ± 0.9
H 181.4 ± 9.6 4.0 ± 0.9 5.9 ± 0.9 90.2 ± 0.9
F 192.4 ± 9.6 3.5 ± 0.9 10.0 ± 0.9 86.5 ± 0.9

HF 182.6 ± 11.8 3.4 ± 1.0 10.0 ± 1.0 86.3 ± 1.0
Site mean 176.8 ± 6.4 3.5 ± 0.9 8.0 ± 2.5 88.5 ± 2.3

     
H 0.3879 N/A N/A N/A 
F 0.0853 N/A N/A N/A 

Whitmore – 
Intermediate  

H x F 0.1022 N/A N/A N/A 
      

C 198.7 ± 22.9 4.0 ± 1.1 6.7 ± 1.1 89.3 ± 1.1
H 205.3 ± 22.9 5.5 ± 1.1 6.4 ± 1.1 88.1 ± 1.1
F 203.0 ± 22.9 4.2 ± 1.1 10.5 ± 1.1 85.3 ± 1.1

HF 215.7 ± 22.9 3.6 ± 1.1 9.1 ± 1.1 87.4 ± 1.1
Site mean 205.7 ± 10.3 4.3 ± 1.2 8.2 ± 2.5 87.5 ± 2.5

     
H 0.6957 N/A N/A N/A 
F 0.7645 N/A N/A N/A 

Feather 
Falls – High  

H x F 0.9026 N/A N/A N/A 
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Table A1.3. Total belowground C and distribution of C as proportion of total 
belowground C for each treatment for the three selected study sites for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. Data also 
presented in Figures 2.3.1 

 

1Means are followed by standard errors. P-values for treatment factors were 
determined from analysis of variance. Boldface values are significant, α = 0.1. 

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide. 

3No contrasts significant using a Tukey adjustment. F > C with Dunnett’s adjustment 
to test treatments against control (p = 0.0903) 

4Not Applicable 
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Table A1.3. Total belowground N and distribution of N as proportion of total 
belowground N for each treatment for the three selected study sites for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. Data also presented 
in Figures 2.4.1 

 
Total N Pool Fine Roots Forest 

Floor 
Mineral 

Soil 
Site & 

Productivity 
Treatment2 

or Site 
Mean Mg ha-1 Fraction of Total N Pool (%) 

C 5.1 ± 0.6 1.1 ± 0.4 0.6 ± 0.4 98.2 ± 0.8 
H 5.1 ± 0.6 1.5 ± 0.4 1.0 ± 0.4 97.5 ± 0.8 
F 6.0 ± 0.6 1.8 ± 0.4 1.0 ± 0.4 97.2 ± 0.8 

HF 6.0 ± 0.6 1.4 ± 0.4 1.1 ± 0.4 97.5 ± 0.8 

Elkhorn 
Ridge – 
Low 

Site mean 5.6 ± 0.3 1.5 ± 0.4 0.9 ± 0.4 97.6 ± 0.8 
      
 H 0.9522 N/A3 N/A N/A 
 F 0.1632 N/A N/A N/A 
 H x F 0.9523 N/A N/A N/A 
      

C 6.7 ± 0.3 0.7 ± 0.4 2.9 ± 0.4 97.1 ± 0.8 
H 7.3 ± 0.3 1.1 ± 0.4 2.1 ± 0.4 96.8 ± 0.8 
F 7.8 ± 0.3 1.2 ± 0.4 3.9 ± 0.4 95.1 ± 0.8 

HF 7.4 ± 0.4 1.3 ± 0.4 4.3 ± 0.4 94.7 ± 0.8 
Site mean 7.4 ± 0.2 1.1 ± 0.4 3.0 ± 1.2 96.0 ± 1.2 

     
H 0.3369 N/A N/A N/A 
F 0.0448 N/A N/A N/A 

Whitmore – 
Intermediate  

H x F 0.3360 N/A N/A N/A 
      

C 6.5 ± 0.9 1.7 ± 0.6 3.4 ± 0.4 95.1 ± 0.8 
H 6.5 ± 0.9 2.0 ± 0.6 2.9 ± 0.4 95.3 ± 0.8 
F 6.6 ± 0.9 2.2 ± 0.6 6.3 ± 0.4 92.1 ± 0.8 

HF 7.4 ± 0.9 1.6 ± 0.6 4.7 ± 0.4 94.0 ± 0.8 
Site mean 6.8 ± 0.4 1.9 ± 0.4 4.3 ± 1.7 94.1 ± 1.7 

     
H 0.6636 N/A N/A N/A 
F 0.5493 N/A N/A N/A 

Feather 
Falls – High  

H x F 0.6452 N/A N/A N/A 
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Table A1.3. Total belowground N and distribution of N as proportion of total 
belowground N for each treatment for the three selected study sites for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. Data also 
presented in Figures 2.4.1 

 

1Means are followed by standard errors. P-values for treatment factors were 
determined from analysis of variance. Boldface values are significant, α = 0.1. 

2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 
herbicide. 

3Not Applicable 



 
 

 

Table A1.4. Treatment means for each site by depth for mineral-soil P, Ca, K, Mg, and Na concentration for the Elkhorn Ridge, 
Whitmore, and Feather Falls Garden of Eden Study sites.1 

 
Treatment2 P Ca K Mg Na Site & 

Productivity 
Depth 
(cm)  (mg kg-1) 

        
C   34.04 ± 10.75a3 2213 ± 288 197 ± 16a3 111 ± 81 4.9 ± 8.6 
H   69.13 ± 10.75a 2631 ± 288 208 ± 16ac   95 ± 81 4.5 ± 8.6 
F 142.13 ± 10.75b 2461 ± 288 265 ± 16bc 145 ± 81 0.8 ± 8.6 

0-15 

HF 142.13 ± 13.12b 1515 ± 288 297 ± 16b 203 ± 81 8.6 ± 8.6 
       

C   13.61 ± 5.05a3 2098 ± 223 185 ± 17 142 ± 74 4.1 ± 1.4 
H   29.72 ± 5.05ac 2043 ± 223 177 ± 17 129 ± 74 4.9 ± 1.4 
F   60.92 ± 5.05b 1540 ± 223 210 ± 17 133 ± 74 4.8 ± 1.4 

15-30 

HF 42.77 ± 5.82bc 1636 ± 223 187 ± 17 114 ± 74 4.0 ± 1.4 
       

C    5.44 ± 5.64 1829 ± 216 192 ± 28 191 ± 76 4.7 ± 3.9 
H  12.34 ± 5.64 1430 ± 216 172 ± 28 137 ± 76 5.1 ± 3.9 
F   24.51 ± 5.64 1814 ± 216 160 ± 28 181 ± 76 5.0 ± 3.9 

30-60 

HF  17.87 ± 5.64 1698 ± 216 164 ± 28 160 ± 76 0.6 ± 3.9 
       

C   2.71 ± 2.62 1652 ± 361 140 ± 23 228 ± 83   8.7 ± 1.9 
H   6.79 ± 2.62 1636 ± 361 130 ± 23 192 ± 83   7.5 ± 1.9 
F   5.22 ± 2.62 2453 ± 361 143 ± 23 294 ± 83 11.8 ± 1.9 

Elkhorn 
Ridge – Low  

60-100 

HF   5.96 ± 2.97 1963 ± 361 104 ± 23 260 ± 83 11.0 ± 1.9 
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Table A1.4. Treatment means for each site by depth for mineral-soil P, Ca, K, Mg, and Na concentration for the Elkhorn Ridge, 
Whitmore, and Feather Falls Garden of Eden Study sites.1 (Continued) 
 

Treatment2 P Ca K Mg Na Site & 
Productivity 

Depth 
(cm)  (mg kg-1) 

        
C   4.65 ± 9.664 1407 ± 104a3  266 ± 275   480 ± 294 4.8 ± 2.6 
H   5.57 ± 9.66 1341 ± 104a 224 ± 27 375 ± 29 3.6 ± 2.6 
F 42.30 ± 9.66 1810 ± 104b 337 ± 27 712 ± 29 1.0 ± 2.6 

0-15 

HF 58.28 ± 9.66 1316 ± 104a 325 ± 27 604 ± 29 0.6 ± 2.6 
       

C   2.21 ± 2.24 1068 ± 102 181 ± 22   510 ± 174 5.7 ± 2.5 
H   3.82 ± 2.24 1096 ± 102 176 ± 22 440 ± 17 5.1 ± 2.5 
F   5.67 ± 2.24 1190 ± 102 353 ± 22 490 ± 17 6.8 ± 2.5 

15-30 

HF   7.75 ± 2.24   995 ± 102 275 ± 22 288 ± 17 5.8 ± 2.5 
       

C   1.72 ± 0.93 1036 ± 83 250 ± 33 620 ± 37 9.6 ± 2.5 
H   1.92 ± 0.93   947 ± 83 246 ± 33 596 ± 37 3.0 ± 2.5 
F   2.16 ± 0.93 1005 ± 83 309 ± 33 618 ± 37 7.1 ± 2.5 

30-60 

HF   2.32 ± 0.93 1000 ± 83 281 ± 33 553 ± 37 14.2 ± 2.5 
       

C   2.53 ± 1.06   901 ± 117 258 ± 60 604 ± 29 21.6 ± 4.0 
H   2.08 ± 0.90   774 ± 117 229 ± 60 591 ± 29 10.1 ± 4.0 
F   2.06 ± 0.90 1000 ± 117 289 ± 60 635 ± 29 18.2 ± 4.0 

Whitmore – 
Intermediate  

60-100 

HF   3.27 ± 1.06 1007 ± 117 197 ± 60 589 ± 29 35.4 ± 4.0 
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Table A1.4. Treatment means for each site by depth for mineral-soil P, Ca, K, Mg, and Na concentration for the Elkhorn Ridge, 
Whitmore, and Feather Falls Garden of Eden Study sites.1 (Continued) 
 

Treatment2 P Ca K Mg Na Site & 
Productivity 

Depth 
(cm)  (mg kg-1) 

        
C   2.84 ± 8.60 1694 ± 228  165 ± 204   62 ± 9a3 4.0 ± 2.2 
H   3.00 ± 8.60 1925 ± 228 140 ± 20   56 ± 9a 4.7 ± 1.0 
F 30.80 ± 8.60 2375 ± 228 210 ± 20 163 ± 9b   0 ± 2.2 

0-15 

HF   58.50 ± 8.60 1653 ± 228 199 ± 20 123 ± 9b   0 ± 2.2 
       

C   2.04 ± 0.52 1205 ± 185 104 ± 20 44 ± 9 3.5 ± 1.0 
H   2.09 ± 0.52 1458 ± 185   78 ± 20 43 ± 9 4.7 ± 1.0 
F   3.80 ± 0.52   888 ± 185 108 ± 20 53 ± 9 1.9 ± 1.0 

15-30 

HF   3.79 ± 0.52   949 ± 185 128 ± 20 68 ± 9 0.3 ± 1.0 
      

C   1.28 ± 0.64 1176 ± 214     61 ± 354  61 ± 7a3 3.4 ± 1.3 
H   1.41 ± 0.64 1298 ± 214   37 ± 35   55 ± 7ab 2.7 ± 1.3 
F   1.43 ± 0.64   878 ± 214 121 ± 35   46 ± 7ab 3.7 ± 1.3 

30-60 

HF   3.48 ± 0.64 1070 ± 214 112 ± 35  30 ± 7b 3.0 ± 1.3 
      

C   1.24 ± 0.09 1107 ± 198 67 ± 18 59 ± 9 2.6 ± 0.6 
H   1.15 ± 0.09   773 ± 198 24 ± 18 64 ± 9 2.9 ± 0.6 
F   1.32 ± 0.09 1070 ± 198 57 ± 18 65 ± 9 3.0 ± 0.6 

Feather Falls 
– High  

60-100 

HF   1.57 ± 0.09   726 ± 198 49 ± 18 30 ± 9 1.4 ± 0.6 
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Table A1.4. Treatment means for each site by depth for mineral-soil P, Ca, K, Mg, and 
Na concentration for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden 
Study sites.1 
 
1Means are followed by standard errors. P-values for treatment factors were 

determined from analysis of variance. Boldface values are significant, α = 0.1. 
2Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and 

herbicide. 
3 H x F effect for this depth, different letters denote statistically different treatments as 

assessed by multiple pair-wise comparisons with a Tukey adjustment, α = 0.1. 
4F main effect for this depth, α = 0.1 
5F main effect across depths, α = 0.1 
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Table A1.5. Means for each site across treatments by depth for mineral-soil P, Ca, K, 
Mg, and Na concentration for the Elkhorn Ridge, Whitmore, and Feather Falls Garden 
of Eden Study sites.. Means are followed by standard errors. 
 

Depth P Ca K Mg Na Site & 
Productivity (cm) (mg kg-1) 

0-15 94 ± 6 2204 ± 178 242 ± 8 138 ± 41 5 ± 4 
15-30 37 ± 3 1911 ± 115 189 ± 9 129 ± 37 4 ± 1 
30-60 15 ± 3 1693 ± 104   172 ± 14 167 ± 38 4 ± 2 

Elkhorn 
Ridge – Low  

60-100 5 ± 1 1926 ± 183   129 ± 12 243 ± 41 10 ± 1 
      

0-15 28 ± 5 1469 ± 52 288 ± 13   543 ± 15   3 ± 1 
15-30    5 ± 1 1087 ± 51 221 ± 11 457 ± 9   6 ± 1 
30-60  2 ± 0   997 ± 41 272 ± 16   597 ± 19   8 ± 2 

Whitmore – 
Intermediate  

60-100  2 ± 0   869 ± 59 243 ± 32   617 ± 14 21 ± 2 
      

0-15 24 ± 4   1912 ± 114 179 ± 10 101 ± 5 1 ± 1 
15-30   3 ± 0 1125 ± 93 105 ± 10 52 ± 5 3 ± 1 
30-60   2 ± 0   1081 ± 107   83 ± 18 48 ± 3 3 ± 1 

Feather Falls 
– High  

60-100   1 ± 0  919 ± 99 49 ± 9 55 ± 5 2 ± 0 
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Table A1.6. P-values for differences between the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites C and N pools attained with t-tests. 
 

Response Variable Site 11 Site 21
Across 

Treatments C only HF only 
   p-value 

E W <.0001 0.5038 0.0007 
E F <.0001 <.0001 <.0001 

15-yr Standing 
Bole Vol (m3 ha-1) 

W F <.0001 <.0001 <.0001 

E W <.0001 <.0001 <.0001 
E F <.0001 0.0004 <.0001 Forest-floor Mass 

(Mg ha-1) 
W F 0.1644 0.1418 0.7091 

E W <.0001 <.0001 <.0001 
E F 0.2139 0.5082 0.8094 Forest-floor C (%) 
W F <.0001 <.0001 0.0002 

E W <.0001 0.0007 <.0001 
E F <.0001 <.0001 <.0001 Forest-floor N (%) 
W F 0.0382 0.136 0.9489 

E W <.0001 0.0007 <.0001 
E F <.0001 <.0001 <.0001 Forest-floor C:N 
W F 0.3983 0.4987 0.9868 

E W <.0001 <.0001 <.0001 
E F <.0001 0.0006 <.0001 Forest-floor C  

(Mg ha-1)  
W F 0.075 0.1019 0.8991 

E W <.0001 <.0001 <.0001 
E F <.0001 0.0038 <.0001 

Forest-floor N  
(Mg ha-1) 

W F 0.0277 0.0926 0.7367 

E W 0.9281 0.2643 0.547 
E F 0.011 0.4466 0.8248 Fine-roots C  

(Mg ha-1) 
W F 0.0163 0.0675 0.7497 

E W 0.8555 0.0445 0.2565 
E F 0.0026 0.6699 0.4601 

Fine-roots N  
(Mg ha-1) 

W F 0.0052 0.0176 0.7749 
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Table A1.6. P-values for differences between the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites C and N pools attained with t-tests. 
(Continued) 
 

Response Variable Site 11 Site 21 
Across 

Treatments C only HF only 
   p-value 

E W 0.0302 0.3406 0.2152 
E F <.0001 0.0056 0.0103 Mineral-soil C (%) 
W F 0.0015 0.0621 0.1855 

E W 0.5616 0.9234 0.7722 
E F 0.0034 0.1523 0.2118 Mineral-soil N (%) 
W F 0.0178 0.1275 0.3396 

E W <.0001 0.0007 0.0007 
E F <.0001 <.0001 <.0001 Mineral-soil C:N 
W F <.0001 0.0032 0.0069 

E W <.0001 0.0003 0.0058 
E F 0.0362 0.1283 0.1435 Mineral-soil fine 

bulk density 
W F 0.0004 0.0285 0.1744 

E W <.0001 <.0001 <.0001 
E F <.0001 0.0012 0.0009 

Mineral-soil C 
(Mg/ha) 

W F 0.046 0.0893 0.2068 

E W 0.0016 0.214 0.1968 
E F 0.0483 0.1236 0.1349 Mineral-soil N 

(Mg/ha) 
W F 0.1314 0.7514 0.7217 

E W <.0001 <.0001 <.0001 
E F <.0001 0.001 0.0004 C total (Mg/ha) 
W F 0.0254 0.0584 0.2117 

E W 0.0006 0.1403 0.1211 
E F 0.0147 0.1014 0.0834 N total (Mg/ha) 
W F 0.1793 0.8598 0.7148 

 
1Sites: E = Elkhorn Ridge, W = Whitmore, F = Feather Falls 
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Table A1.7. Minimum Detectable Differences for C and N pools for the Elkhorn 
Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. 
 

 
Forest-Floor 
Pools 

Fine-Root 
Pools 

Mineral-Soil 
Pools 

Total 
Belowground  
Pools 

Site & 
Productiv
ity 

r1 C N C N C N C N 
          

6 0.61 <.01 3.39 0.04 24.43 1.26 7.50 0.35 Elkhorn 
Ridge 3 0.86 <.01 4.80 0.06 34.55 1.78 10.60 0.50 

6 1.71 0.03 5.50 0.04 23.94 0.87 6.40 0.24 Whitmore 

3 2.42 0.05 7.80 0.06 33.86 1.19 11.08 0.35 

6 1.50 0.03 6.78 0.04 42.00 1.70 12.69 0.48 Feather 
Falls 3 2.01 0.05 9.59 0.06 59.49 2.41 17.90 0.68 
 

1r = number of replicates. For herbicide and fertilizer main effects, r = 6 plots at each 
site. For the 4 treatment combinations, r = 3 plots at each site.
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Table A1.8. Means for non-herbicide treatments for each site for C and N 
concentrations and C:N ratios of pine and shrub foliar and woody components of the 
forest floor for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden Study 
sites.1 
 

Component C N C:N Site & 
Productivity Source Type 

Treat-
ment2 %  

Pine Foliar C 53.7 ± 0.7 0.48 ± 0.07 113 ± 12
Pine Wood C 53.3 ± 0.7 0.29 ± 0.07 189 ± 12
Shrub Foliar C 53.2 ± 0.7 0.62 ± 0.07 89 ± 12
Shrub Wood C 52.1 ± 0.7 0.35 ± 0.07 151 ± 12
Pine Foliar F 54.2 ± 0.7 0.48 ± 0.07 114 ± 12
Pine Wood F 54.0 ± 0.7 0.43 ± 0.07 129 ± 12
Shrub Foliar F 52.9 ± 0.7 0.88 ± 0.07 62 ± 12

Elkhorn 
Ridge – 
Low  

Shrub Wood F 50.0 ± 0.7 0.76 ± 0.07 69 ± 12

Pine Foliar C 51.3 ± 0.8 0.98 ± 0.09 55 ± 15
Pine Wood C 50.4 ± 0.8 0.48 ± 0.09 106 ± 15
Shrub Foliar C 51.1 ± 0.8 0.75 ± 0.09 70 ± 15
Shrub Wood C 51.4 ± 0.8 0.51 ± 0.09 110 ± 15
Pine Foliar F 50.6 ± 0.8 0.96 ± 0.09 55 ± 15
Pine Wood F 51.5 ± 0.8 0.49 ± 0.09 107 ± 15
Shrub Foliar F 49.5 ± 0.8 1.25 ± 0.09 40 ± 15

Whitmore – 
Intermediate 

Shrub Wood F 50.3 ± 0.8 0.40 ± 0.09 136 ± 15

Pine Foliar C 50.3 ± 0.8 0.85 ± 0.09 64 ± 9
Pine Wood C 53.7 ± 0.3 0.50 ± 0.09 111 ± 9
Shrub Foliar C 52.8 ± 0.3 1.38 ± 0.09 43 ± 9
Shrub Wood C 51.8 ± 0.3 1.12 ± 0.09 60 ± 9
Pine Foliar F 54.1 ± 0.3 1.02 ± 0.09 53 ± 9
Pine Wood F 54.7 ± 0.3 0.73 ± 0.09 75 ± 9
Shrub Foliar F 52.7 ± 0.3 1.27 ± 0.09 45 ± 9

Feather 
Falls – High  
 

Shrub Wood F 53.0 ± 0.3 0.96 ± 0.09 56 ± 9
 
1Means are followed by standard errors.  
2Treatments: C = control, F = fertilizer only. 
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Figure A1.1.  Components of the forest floor for each treatment for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of 
Eden Study sites. Treatments: C = control, H = herbicide only, F = fertilizer only, HF = fertilizer and herbicide. Values are means 
± one standard error. 173
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APPENDIX 2 
 

ACCESSORY TABLES AND FIGURE FOR CHAPTER 3 

 
Table A2.1. Mass balance of total recovered and mobilized fractions of whole-soil, C, 
and N for the Elkhorn Ridge, Whitmore, and Feather Falls Garden of Eden Study sites. 
Mobilized fractions are calculated as the difference between the whole-soil 
(unfractionated) and the recovered dense and light fractions. Values are means ± one 
standard error. Data also presented in Figure 3.1. 
 

Plantation Fraction Mass C N 
  (------------- % of total fractionated  -------------) 

Dense 93.2  (0.3) 31.6  (1.6) 62.8  (1.1) 

Light 2.7  (0.3) 48.3  (1.6) 19.1  (1.1) 

Elkhorn Ridge 

Mobilized 4.1  (0.3) 20.1  (1.6) 18.1  (1.1) 

Dense 86.6  (0.5) 62.6  (3.3) 68.8  (2.9) 

Light 2.3  (0.5) 28.9  (3.3) 16.2  (2.9) 

Whitmore 

Mobilized 11.1  (0.5) 8.5  (3.3) 15.0  (2.9) 

Dense 88.6  (0.5) 56.4  (1.2) 70.1  (1.0) 

Light 5.4  (0.5) 36.2  (1.2) 20.5  (1.0) 

Feather Falls 

Mobilized 6.0  (0.5) 7.4  (1.2) 9.5  (1.0) 
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Table A2.2. P-values for differences between the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites attained with t-tests for density fractionation 
data. 
 
Response Variable Site 11 Site 21 p-value 
    

E W 0.0179 
E F <.0001 

Whole-soil C (g C kg-1) 

W F <.0001 
    

E W 0.0683 
E F <.0001 

Whole-soil N (g N kg-1) 

W F <.0001 
    

E W 0.0005 
E F <.0001 

Whole-soil C:N 

W F 0.0055 
    

E W <.0001 
E F 0.0015 

Mobilized-fraction mass2 

W F <.0001 
    

E W 0.0002 
E F 0.0005 

Mobilized-fraction C2 

W F 0.7221 
    

E W 0.2523 
E F 0.0019 

Mobilized-fraction N2 

W F 0.0435 
    

E W 0.7005 
E F <.0001 

Light-fraction mass3 

W F <.0001 
    

E W <.0001 
E F 0.0017 

Light-fraction C  
(g C kgfraction

-1) 
W F 0.0027 

    
E W 0.8720 
E F 0.0641 

Light-fraction N  
(g N kgfraction

-1) 
W F 0.0449 
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Table A2.2. P-values for differences between the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites attained with t-tests for density fractionation 
data. (Continued) 

 

Response Variable Site 11 Site 21 p-value 
    
Light-fraction C:N E W <.0001 
 E F 0.1266 
 W F 0.0031 
    
Dense-fraction mass3 E W 0.7005 
 E F <.0001 
 W F <.0001 
    

E W 0.101 
E F 0.0006 

Dense-fraction C  
(g C kgfraction

-1) 
W F 0.0564 

    
E W 0.5384 
E F 0.0025 

Dense-fraction N  
(g N kgfraction

-1) 
W F 0.0138 

    
Dense-fraction C:N E W <.0001 
 E F <.0001 
 W F 0.9575 

 
1Sites: E = Elkhorn Ridge, W = Whitmore, F = Feather Falls 

2Proportion of total soil fractionated
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Table A2.3. P-values for differences between the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites attained with t-tests for long- and short-
incubation data.  
 

Site 11 Site 21 Incubation Response Variable 
Across 

Treatments C only HF only 
    p-value 
E W 0.0025 <.0001 0.0006 
E F <.0001 <.0001 <.0001 
W F 

225-day Initial-leachate 
DOC (mg g Cinitial

-1) 
<.0001 0.3749 0.206 

       
E W  <.0001 0.0015 0.0011 
E F 225-day <.0001 0.0002 0.0001 
W F  

Initial-leachate DON 
(mg g Ninitial

-1) 
0.0272 0.4228 0.3642 

       
E W  0.396 0.624 0.8771 
E F 225-day <.0001 0.1821 0.1574 
W F  

Initial-leachate NO3
- 

(mg g Ninitial
-1) 

0.0004 0.389 0.2048 
       
E W  <.0001 0.0067 0.0023 
E F 225-day <.0001 0.0033 0.0022 
W F  

Initial-leachate TDN 
(mg g Ninitial

-1) 
0.5633 0.7726 0.9954 

       
E W  0.7756 0.7607 0.9252 
E F 225-day <.0001 0.0145 0.038 
W F  

Initial-leachate C:N 
<.0001 0.0295 0.0311 

       
E W  0.0111 0.2445 0.211 
E F 225-day 0.0002 0.1433 0.0662 
W F  

Initial-leachate 
DON:DOC 

0.0946 0.7517 0.5288 
       
E W  <.0001 <.0001 0.0006 
E F 225-day <.0001 <.0001 <.0001 
W F  

Cumulative-leachate 
DOC (mg g Cinitial

-1) 
<.0001 0.0225 0.0085 

       
E W  0.0016 0.1040 0.0756 
E F 225-day 0.0002 0.1065 0.0523 
W F  

Cumulative-leachate 
DON (mg g Ninitial

-1) 
0.3659 0.9899 0.8554 

       
E W  0.5792 0.5015 0.8766 
E F 225-day <.0001 0.1967 0.0327 
W F  

Cumulative-leachate 
NO3

- (mg g Ninitial
-1) 

<.0001 0.5248 0.0233 
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Table A2.3. P-values for differences between the Elkhorn Ridge, Whitmore, and 
Feather Falls Garden of Eden Study sites attained with t-tests for long- and short-
incubation data. (Continued) 
 

Site 11 Site 21 Incubation Response Variable 
Across 

Treatments C only HF only 
    p-value 
E W 0.2162 0.1952 0.8733 
E F <.0001 0.1903 0.0045 
W F 

225-day Cumulative-leachate 
TDN (mg g Ninitial

-1) 
<.0001 0.9878 0.0031 

       
E W  <.0001 0.0147 0.0242 
E F 16-day <.0001 0.0014 0.0002 
W F  

Cumulative CO2 
production  
(mg g Cinitial

-1) 0.0031 0.3394 0.0508 
       
E W  0.406 0.7269 0.2633 
E F 16-day 0.614 0.1452 0.8232 
W F  

Initial-leachate DOC 
(mg g Cinitial

-1) 
0.7292 0.2602 0.1905 

       
E W  <.0001 0.0067 0.0023 
E F 16-day <.0001 0.0033 0.0022 
W F  

Cumulative-leachate 
DOC (mg g Cinitial

-1) 
0.5633 0.7726 0.9954 

       
E W  <.0001 0.0523 0.0091 
E F 16-day <.0001 0.0063 <.0001 
W F  

Cumulative C release 
(mg g Cinitial

-1) 
0.0165 0.4100 0.1440 

 
1Sites: E = Elkhorn Ridge, W = Whitmore, F = Feather Falls 
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Figure A2.1. Forms of N in individual leachates over course of incubation for three 
sites selected from the Garden of Eden Study by treatment. 
 



 
 

 

 
 




