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Abstract 

As interest in wood bioenergy increases, the demand for woody residues also increases leading to 

ecological concerns about soil productivity and site sustainability. Removal of woody residue after 

harvesting can reduce litter decomposition rates by altering physical conditions of forest surface and N 

input. Thus, I studied the effects of biomass (residue) retention levels from thinning forests on changes 

in site physical conditions (e.g., temperature and moisture) and changes in litter decomposition and 

nutrients dynamics. In addition, I examined the compensating effect of fertilizer N additions. 

Decomposition was measured using a 172-day litterbag experiment in two forest stands which were 

thinned in 2013 and fertilized in 2014. Woody residue retention levels were: normal (1x), doubled 

(2x), or removed (0x), and there were adjacent unthinned control plots. The litterbags were placed on 

the forest floor in 2016.  

The 0x retention level had litterbags with the lowest moisture and respiration, but the highest 

decomposition rate (k) and mass loss as compared to the control. Litterbag nitrogen (N) had the 

greatest losses in the 0x retention plots. There was no evidence that fertilization increased litter 

decomposition rates of litterbags. This litterbag study indicates that removal of woody residues from 

conifer forests in northern Idaho will not alter litterbag decomposition rates. 

Keywords: Woody bioenergy, Bioenergy feedstock, Residue removal, Fertilization, Nutrients, Carbon, 

Nitrogen, Northwestern forests 
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Chapter 1. Literature Review 
 

Globally, forests provide numerous ecosystem services such as forest products (e.g. timber, paper, 

food), wildlife habitat, greenhouse gas reduction (carbon sink), and climate change mitigation (Maser 

and Trappe, 1984; Daily, 1997; Klein et al., 2013). One additional ecosystem service that is gaining 

more interest is bioenergy. Bioenergy is an alternative to fossil fuels that avoid increasing atmospheric 

carbon (C) (Mann and Tolbert, 2000; Demirbas, 2009). Although bioenergy may help reduce 

atmospheric C concentrations, there is concern that increased biomass removal will decrease forest 

productivity (Stupak et al. 2008; Page-Dumroese et al., 2010; Jang et al., 2015). The retained biomass 

residues after harvest operations will support the decomposition in the forest by modifying physical 

conditions on the forest floor. However, if too much biomass is removed, OM decomposition process 

may be altered (Finér et al. 2016), subsequently resulting in decreases in the sustainability of forest 

which mean maintaining both past productivity and services of forests for future generations and 

ecological integrity and healthy forests (Ranger and Turpault, 1999). 

 

The limits for biomass retention in various ecosystems are not known. Therefore, it is critical to 

establish site-specific criteria for managing forest residues to achieve sustainable forestry during the 

production of bioenergy. A detailed understanding of the mechanisms that control decomposition after 

harvesting will help determine limits for biomass removals, the effects of residue removal on OM 

decomposition, and how decay rate changes may impact sustainable forestry. 

 

1.1 Sustainable forest management 

To attain continuous provision of forest products, land managers must practice sustainable forestry. 

Sustainable forestry means maintaining past productivity and services for future generations while 

maintaining ecological integrity and healthy forests. Maintaining ecological integrity and healthy 

forests can be realized through forest management. Well-managed forests are an opportunity to 
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improve ecosystem functions and forest productivity: they improve water quality or conserve 

watershed function, mitigate climate change, and increase forest tree growth by supporting nutrient 

dynamics (Sedell et al., 2000; Klein et al., 2013; Lundmark et al., 2014; Purahong et al., 2014). 

However, some managed forests do not show any improvement or, instead, show degradation after 

forest management such as forest fertilization and thinning. Forest thinning and fertilization practices 

are examples of forest management practices that can improve forest productivity. Forest thinning is a 

common silvicultural practice that reduces stand density, increases tree-level wood production, reduce 

fire risk, and increases resistance to pests (Drew and Flewelling, 1979; Mitchell et al., 1983; Baldwin 

et al., 2000; Agee and Skinner 2005; Tappeiner et al., 2007). Tree growth is increased by thinning 

because it alleviates high stand density and, in turn, competition for site nutrients and sunlight (Brix, 

1981, 1983; Chase et al., 2016). In addition to tree growth, adequate thinning can improve the 

economic value of forests by increasing the residual tree physical qualities (e.g., form or growth) and 

stand genetic quality (e.g., removing undesirable trees; Zeide, 2001; Finkeldey and Ziehe, 2004). Also, 

proper thinning can improve the forest physical and chemical condition since thinning can increase the 

amount of sunlight and precipitation that reaches the forest floor, which are essential resources for 

plant growth (Prescott, 2002; Ma et al., 2010). However, inadequate or excessive thinning can reduce 

biodiversity (Chaudhary et al., 2016) and can lead forest to destruction (Piticar, 2016). To be specific, 

a heavily thinned spruce stand (after the stand age of 30) showed decreased stand stability and resulted 

in lower residual tree productivity (Piticar, 2016). Residue produced by thinning operations can be 

removed from the site for bioenergy production, but too much or repeated biomass removals can 

negatively affect decomposition and nutrient cycling (Stupak et al. 2008; Page-Dumroese et al., 2010; 

Jang et al., 2015). 

Another important example of forest management is fertilization. Proper fertilization provides forest 

ecosystems with the limiting nutrients (Peterson & Peterson 1995) and stimulates microbial activity 

(Van Cleve & Moore 1978). As a result, fertilization increases tree growth and enhances the economic 
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value of stands (Peterson & Peterson 1995). However, excessive or improper fertilization can lead to 

an imbalance of forest nutrients, depression of soil mesofauna or microbial community, or pollution of 

groundwater or streams (Coleman et al., 2014; Berch et al., 2006; Fox et al., 2007; Erisman et al., 

2013). Also, excessive or improper N fertilizer cause increased tree mortality. For example, a high rate 

of N fertilization without other nutrient decreased forest productivity and increased tree mortality 

while a balanced fertilizer formulation increased tree growth and forest productivity (Coleman et al., 

2014). These examples of forest management suggest us that the appropriate fertilization should be 

identified to provide continuous forest products (Fox, 2000). 

 

1.2 Biomass removal following thinning and its impact on decomposition 

Wood bioenergy is an alternative to fossil fuels and is known to benefit atmospheric C. Compared to 

petroleum resources, woody bioenergy can mitigate greenhouse gas (GHG) emissions and balance 

atmospheric CO2. For example, when petroleum resources are combusted to create energy, C is 

released into the atmosphere which is previously sequestered deep in the earth (International Energy 

Agency (IEA), 2005). The emitted C from petroleum resources increases atmospheric C. Similar to 

petroleum resources, wood bioenergy produces energy from combustion. During combustion of 

woody biomass, large amounts of C are also released into the atmosphere. However, unlike petroleum 

resources, bioenergy from woody biomass does not increase overall atmospheric C. This is because 

the released C from the combustion of woody biomass originates from the atmosphere. More 

specifically, trees can capture C in the atmosphere through photosynthesis and the captured C is kept 

in the cell of trees. Therefore, when the woody biomass is burned, C returns to where it came from. 

Thus, bioenergy may not alter the overall balance of atmospheric CO2. In addition, the released CO2 

can be used by trees for production because trees can recapture more CO2 during periods of rapid 

growth than what is emitted from woody biomass combustion (Union, 2009). Therefore, bioenergy 

can have a positive effect on the mitigation of GHG emissions. 
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In addition to benefits of atmospheric C, bioenergy also decreases risks. For example, after thinning or 

harvesting, non-merchantable tops, stumps, snags, and woody debris are generally left on site or 

burned for the nutrient supplement, decrease runoff or erosions, or to protect the soil surface from 

raindrop splash (Henderson, 1995; Powers et al., 2005). However, adding too much harvest residues 

can increase the possibility of wildfire, disease, or insects. Using wood that would be left on-site or 

burned for bioenergy requires more site-specific data to determine changes in forest sustainability 

(Fcllin, 1979; Thies & Russell 1983; Harvey, 1994; Mead, 2005; Perlack and Stokes, 2011). 

Removal of small-diameter woody biomass after thinning has become more common in many forest as 

the demand for woody biomass energy has increased (Benson and Schlieter, 1980; Barger, 1979; 

Janowiak and Webster, 2010; Perlack and Stokes, 2011; Berger et al., 2013). However, as interest in 

biomass removal increases so do ecological concerns. Among the many ecological concerns with 

biomass removal are changes in ecosystem functions and forest productivity or sustainability (Jang et 

al., 2015). Forest productivity is supported by natural nutrient cycles. These nutrient cycles are largely 

maintained by decomposition of organic matter (OM). Organic matter includes dead animal and 

plants, leaves, and woody debris and each OM was a component of plants, trees, and animals when 

they were alive. Once plant and tree die naturally or through thinning or harvesting, they decompose 

into soil OM. Organic matter contains many of the essential nutrients in the original living organisms 

from which they were derived. Organic matter decomposition can continuously supply essential 

nutrients for the plants and trees. (Alban et al., 1978; Klockow, 2012; Wall, 2008). Although some 

leached organic nutrients can be directly absorbed by the plant, other nutrients must be transformed 

into plant-available forms through a transformation of OM into soluble forms (Didham, 1998; Wardle 

et al., 2003; Chapin et al., 2011). The decomposition processes can be classified into 3 types: leaching, 

fragmentation, and chemical alteration. Leaching is the process that removes soluble nutrients in OM 

and mineral soil during precipitation events. Conversely, nutrients can be added when dissolved 

nutrients in precipitation are directly absorbed by plants after they reach the soil. OM fragmentation is 
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the process that turns large OM into smaller particles or removal of the cuticle or bark. Fragmentation 

is accelerated by soil animals or an active freeze and thaw cycle (Chapin et al., 2011). Chemical 

alterations of OM are conducted by microbial decomposers such as bacteria and fungi. Microbial 

decomposers secrete enzymes that break down OM into plant-available forms of nutrients. Through 

these 3 types of decomposition process, in many biomes, about 90% of total amount of the essential 

nutrients (nitrogen (N), phosphorus (P), potassium (K), and calcium (Ca)) absorbed by plants are 

supplied by nutrients recycled (Chapin et al., 2011). The remaining 10 % of essential nutrients in 

forest ecosystems are from other sources such as deposition/fixation or mineral weathering (Chapin et 

al., 2011). Therefore, OM decomposition plays a critical role in sustaining forest nutrient cycling 

(McGill and Cole, 1981; Harvey et al., 1987; Powers et al., 1990).  

Decomposition may be partially supported by woody biomass retention during thinning or harvesting 

operations. When the residues are left on-site, they may alter physical environments such as 

temperature and moisture on the forest surface and in the soil (Henderson, 1995; Powers et al., 2005). 

More specifically, logging residue creates shade on the forest floor which can lower temperature and 

prevent evaporative losses (Powers et al. 2005). In addition, biomass retention can provide available 

water, since woody residues hold five times more available water than mineral soil in a northern Idaho 

Douglas-fir (Pseudotsuga menziesii Mirb. Franco) stand (Page-Dumroese et al., 1991). Changes in the 

physical condition of the forest floor resulting from biomass retention may increase OM 

decomposition because climate factors (temperature and moisture) have critical controls over OM 

decomposition (Swift et al., 1979; Wickland et al., 2008). Rising temperature with an appropriate 

range of moisture content increases OM decomposition rate; however, without proper moisture 

content, the increased temperature does not increase OM decomposition (Murphy et al. 1998; Chapin 

et al., 2011). This is mainly because temperature and moisture play an important role in regulating the 

metabolism of microbial decomposers (Swift et al., 1979; Lavelle et al., 1993; Lloyd and Taylor, 

1994; Chapin et al., 2011). Therefore, abundant moisture is crucial for the establishment of forest 
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productivity especially on sites that experience a summer drought which can impede OM 

decomposition (Padilla and Pugnaire 2007). In other words, removal residue on the site reduces 

moisture content and the activity of microbial decomposers (Hicks, 2000; Hicks et al., 2003; Chapin et 

al., 2011), consequently, reducing OM decomposition rate.  

Inland Northwestern forests in the USA are considered as a potential location for the woody biomass 

energy industry which may result in increased use of woody residues. However, there is potential on 

some sites where all woody biomass is removed for bioenergy to have negative impacts on forest 

sustainability due to altered microclimate and nutrient cycling (Grigal, 2000; Thiffault et al., 2011; 

Lewandowski et al., 2016). Although biomass removal after thinning seems to negatively impact site 

OM and ultimately decomposition, there is scant evidence in the literature that point to the adverse 

effect of biomass removal on OM decomposition (Grigal, 2000; Prescott et al., 2002; Thiffault et al., 

2011). Therefore, it is necessary to investigate the impact of small woody biomass removal after 

thinning on OM decomposition. In addition, an alternative treatment to compensate lost nutrients due 

to the residue removal should be considered to reduce negative impacts when woody residue should be 

removed. 

 

1.3 Nitrogen fertilization effects on decomposition following biomass removal. 

Removal of harvest residues may result in a shortage of N. This is because woody residue retention 

after thinning may provide a slow, but a steady supplement of N through long-term decomposition 

(Piatek et al., 1999; Blumfield and Xu, 2003; O’Connell et al., 2004). Therefore, biomass removal 

leads to less N inputs. The reduced N inputs can lead to decreased OM decomposition rates. This is 

because N is an essential nutrient for microbial decomposers to increase their biomass and to produce 

energy and enzymes which are required for breaking down components of organic matter (Boberg, 

2009). Thus, the subsequent loss of N can negatively affect the activity of microbial decomposers. 

More specifically, since microbial decomposers have their own elementary C/N ratio (stoichiometry 
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ratio), when N becomes limited, microbial decomposers must find N from new sources to fulfill their 

own stoichiometry ratio of C/N (Smolander et al., 2008). The microbial stoichiometry of the C/N ratio 

refers to how much N is required for microbial decomposers to build microbial biomass. In general, C 

is high enough in both soil and OM; however, N is not. If microbes cannot fulfill their own 

stoichiometry C/N ratio, the decomposition can be slower. This is because they should acquire enough 

N from OM or the soil (N limited condition, high C/N ratio) otherwise they must find other sources of 

N until they have enough N to run their metabolism and decompose OM. Therefore, C/N ratio is one 

of the more important factors for OM decomposition because decomposition rates can increase or 

decrease as the ratio changes (Berg and McClaugherty, 2008). Specifically, when N is limited, C/N 

ratio increases and in turn, the rate of microbial decomposition can be slower (Smolander et al., 2008). 

In this regard, biomass removal can have the negative influence on the rate of decomposition and 

ultimately forest productivity (Piatek et al., 1999; Grigal, 2000; Helmisaari et al., 2011; Lewandowski 

et al., 2016).  

This negative impact of residue removal can be more detrimental to sites with nutrient deficiencies 

(Ranger and Turpault, 1999). For example, N deficiency is common in the northwestern USA soils 

(Fenn et al., 1998) where forest soils are acid soils and usually poor in mineral nutrients, particularly N 

(Tate, 1992). As noted above, N deficiencies may limit litter decomposition and primary production 

(Binkley, 1991). As a result, woody residue removal during harvest operations can exacerbate N-

limited condition in northwestern forests by decreasing decomposition rate leading to a negative effect 

on forest productivity.  

One strategy to restore both reduced N inputs and decomposition rate associated with residue removal 

is fertilizers which can directly supply nutrients to the soils (Helmisaari et al., 2011). In forests, N 

deficiency can be solved by N addition since the application of fertilizer can increase N directly to the 

soil and indirectly to leaves after uptake. Both increased N in the leaves and endogenous N can 

alleviate N limited conditions as well as accelerate OM decomposition in forests by supporting 
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microbial decomposers (Safford and Czapowskyj, 1986; Perala and Laidly, 1989; Prescott et al., 1999; 

Brockley, 2006; Berg and McClaugherty, 2008). Based on these results, it is expected that N 

fertilization can counter the negative effects of biomass removal on decomposition rate and satisfy 

microbial decomposer N needs (Shafii et al., 1990; Mika and Vander Ploeg, 1991; Fan et al., 2002). 

Therefore, fertilization can maintain nutrient cycles even in the environment where decreased N 

results from biomass removal.  

Recently, land managers seek to increase woody biomass fuel production in the western USA during 

thinning operations. While forest managers apply N fertilization for timber production, the application 

of N fertilization for timber production may help to support woody biomass fuel production by 

providing N which can be reduced by biomass removal. However, there is concern regarding the 

indiscreet application of N because reliance on N fertilizer on sites without woody biomass retention 

may result in soil acidification or N leaching into groundwater (Erisman et al., 2013). In addition, the 

impact of N fertilization on surface decomposition rates is not clear (Perala and Laidly, 1989; Prescott 

et al., 1999; Brais et al., 2002; Mariani et al., 2006; Jang et al., 2015). Therefore, more research is 

necessary to investigate the combined impacts of biomass removal and N fertilization on-site 

processes and productivity. 

To summarize, bioenergy from woody biomass can have a positive effect on atmospheric CO2 but can 

have either positive or negative effect on forest ecosystem function, depending on site-specific 

properties and the amount of material removed. The negative effect of residue removal, especially on 

surface processes such as litter decomposition, is not clear. Therefore, there is a need to determine how 

woody residue removal for bioenergy affects litter decomposition and how much residue should be 

retained to maintain litter decomposition in both the short- and long-term. To assess short-term 

changes, I assessed the limits of residue retention in an Inland Northwest forest to establish specific 

criteria for managing forest residue to support excess residues being used for bioenergy production. In 
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addition, I will assess whether N fertilization can maintain litter decomposition by compensating for 

less N input due to residue removals.  
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Chapter 2. Litter Decomposition under Logging Residues in a Thinned 

Inland Northwest Forest 

 

2.1 Introduction 

Globally, bioenergy is an alternative to fossil fuels that avoids increasing atmospheric carbon (C) 

(Mann and Tolbert, 2000; Demirbas, 2009). Therefore, the demand for woody residues for bioenergy 

production is increasing as the interest in woody biomass energy production increases. Although 

bioenergy may help reduce atmospheric C concentrations, there are increasing concerns that increased 

biomass removal will reduce forest productivity and alter soil properties (Stupak et al., 2008; Page-

Dumroese et al., 2010; Jang et al., 2015). After thinning or harvest operations, logging residues left on 

the soil surface can affect the physical conditions of the forest floor (e.g., temperature and moisture). 

However, soil temperature and moisture can be altered whether the residues are retained or not 

(Henderson, 1995; Powers et al., 2005). More specifically, logging residues create shade on the forest 

floor which can lower temperature and prevent evaporative losses (Powers et al., 2005). However, 

removal of the overstory will also alter soil temperature and moisture. 

 

Because climate (temperature and moisture) is one of the critical controls over OM decomposition 

(Swift et al., 1979; Wickland et al., 2008), changes in the physical condition of the forest floor 

resulting from biomass retention may increase organic matter (OM) decomposition. Decomposition of 

plant litter is the mechanism that returns OM and nutrients to forest soils (Aber and Melillo, 1980). 

Rising soil temperature, with an appropriate range of soil moisture, increases OM decomposition rate; 

however, without enough soil moisture, increased temperatures will not increase OM decomposition 

(Murphy et al., 1998; Chapin et al., 2011). Temperature and moisture play an important role in 

regulating the metabolism of microbial decomposers (Swift et al., 1979; Lavelle et al., 1993; Lloyd 

and Taylor, 1994; Chapin et al., 2011). Abundant soil moisture is crucial for microbial activity and 

forest productivity, especially on sites suffering from a summer drought, which can impede OM 
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decomposition (Padilla and Pugnaire, 2007). In other words, residue removals can lead to reductions 

in soil moisture and the activity of microbial decomposers (Hicks, 2000; Hicks et al., 2003; Chapin et 

al., 2011). Consequently, reducing OM decomposition rate (Finér et al. 2016) and resulting in 

decreased site sustainability (Ranger and Turpault, 1999). However, the limits for biomass retention in 

various ecosystems are not known.  

 

One negative effect of woody residue removals is less N input. Leaving residues on the soil surface 

can be a good N source in forest ecosystems. Nitrogen is an essential element for tree growth and 

microbial decomposers; however, this N is commonly deficient in northwestern forests, limiting forest 

productivity (Binkley, 1991). In this regard, logging residue removal can decrease N input into the 

forest floor or the soil causing reductions in litter decomposition rates because microbial decomposers 

require N for their growth and enzyme production (Sinsabaugh, 2005). In addition, microbial 

decomposers have their own elemental C: N ratio (stoichiometry C: N ratio) which refers that how 

much N is required to build microbial biomass (Smolander et al., 2008). When decomposers do not 

satisfy their stoichiometry C: N ratio, microbial decomposition will be delayed or not completed since 

decomposers should find N from other sources. Helmesaari et al. (2011) insisted that N fertilization 

can compensate for the decreased N which resulted from residue removal. However, there is still lack 

of research about the impact N fertilization on decomposition rate with various biomass retention 

levels. 

 

It is critical to establish regional criteria for managing forest residues as doing so will help to achieve 

sustainable forestry during the production of bioenergy. A detailed understanding of the mechanisms 

that control decomposition after harvesting will help determine limits for biomass removals; it will 

also help to figure out the effects of biomass removal on OM decomposition and therefore sustainable 

forestry. Therefore, the goal of this study was to determine if thinning and residue retention levels in a 

conifer forest in northern Idaho contribute to changes in litterbag decomposition. To meet this goal, 
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decomposition rates and nutrient pools should be similar to unharvested control rates within a short 

period after harvest activities. 

I had two objectives: 1) determine the effects of thinning and biomass retention level on litterbag 

decomposition rates, moisture content, respiration, and nutrients’ dynamics (C, N, Ca, Mg, and K) and 

2) evaluate the capacity of N fertilization to compensate for biomass removal impacts on litter 

decomposition rate and nutrient concentrations in litter (C, N, Ca, Mg, and K). I approached these 

objectives using a 172-day short-term litterbag decomposition experiment in the two-different stands 

(mixed conifer and the ponderosa pine). Rates of litter decomposition are important because they 

provide a measure of how harvesting, fertilization, temperature and moisture affect microbial activity 

and the return of OM to the mineral soil (Aber and Melillo, 1980; Prescott, 2005). Understanding 

which factors are most influential will help managers develop best management practices that maintain 

nutrient cycling processes. Consequently, the developed model or management practices can be 

applied across many sites in northwestern regions to understand how decomposition responds to 

residue removal. 

 

My hypotheses were:  

I. Removal of biomass may reduce litter moisture content and respiration and consequently, 

cause a decrease in mass loss and decomposition rate. 

II. Subsequent effect of slow decomposition rate in biomass removal treatments have lower 

mineralization of C and N and lower release of other nutrients (Ca, Mg, and K). 

III. Fertilization can compensate for less input of nitrogen due to the removal of biomass in no 

biomass retention treatments and therefore, it maintains decomposition rate compared to 

retained biomass treatments. 
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2.2 Materials and methods 

2.2.1 Site description 

The study sites are located on the University of Idaho (UI) Experimental Forest, West Hatter Creek 

Unit, near Princeton, Idaho. The soil parent material under both sites is a granite bedrock. The soils are 

primarily of the Santa series (coarse-silty, mixed, superactive, frigid Vitrandic Fragixeralfs) which is 

formed in deep loess with a small amount of volcanic ash in the upper part (Web Soil Survey). These 

soils are moderately well-drained. Data from a weather station on site indicated the mean annual 

temperature averages 8.7℃, the warmest month is August (19.4℃, mean temperature), and the coldest 

month is December (-1.4℃, mean termperature). The mean annual precipitation averages 688mm 

most of which falls as snow from November to May. Both sites are located in naturally regenerated 

forests. One site is a ponderosa pine forest (Pinus ponderosa Lawson & C. Lawson) (46.85°N, 

116.85°W) and the other is a mixed conifer (46.85°N, 116.84°W) forest consisting of Douglas-fir 

(Pseudotsuga menziesii (Mirb.) Franco), grand fir (Abies grandis (Douglas ex D. Don) Lindl.), and 

ponderosa pine. The two stands are 600 meters apart. The elevation of two sites ranged from 830 to 

890 meters above sea level. The ponderosa pine stand has a higher elevation than mixed conifer stand. 

Additional site characteristics are shown in Table 2.1. During harvesting in the late 1980s, the both 

stands were harvested using a seed tree harvest method leaving approximately 5 trees/ha. In 2013, 

both stands were thinned and the intensity was based on Powell (1999) who recommended leaving a 

relative density of 40% by removing the most undesirable trees (approximately, 200 trees/ha with an 

average diameter of 12 cm). Litter used in the litterbags was collected from an adjacent mature stand 

and the initial litter nutrient contents are shown in Table 2.1. 
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Table 2.1 Study site characteristic including forest tree composition, topography, and initial value of nutrients in 

litter. 

Tree Species Ponderosa Pine Stand Mixed Conifer Stand 

Ponderosa pine 88% 22% 

Douglas fir 9 % 16% 

Lodgepole pine 2 % 23% 

Grand fir 0.2% 34% 

Western Larch 0.2% 5% 

Cherry 0.2% N/A 

Site characteristics  

Elevation 880 (m) 838 (m) 

Slope 6.5˚ 5.7˚ 

Aspect South-facing (169˚) Southwestern-facing (204˚) 

Soil series Santa Santa 

Initial litter characteristics 

from six correction bags 

 

C (g ) 8648.74 ± 171 (n = 6) 

N (g ) 116.67 ± 4.35 (n = 6) 

C/N ratio 74.21 ± 2.87 (n = 6) 

Ca (mg/kg) 3290.8 ± 238.46 (n = 5) 

K (mg/kg) 746.78 ± 72.81 (n = 5) 

Mg (mg/kg) 314.6 ± 91.05 (n = 5) 

 

2.2.2 Experimental design 

Study plots were established in 2013 in two thinned stands to determine the affect of removing woody 

biomass and adding soil amendments on tree growth (Sherman et al., 2017). I deployed the litterbags 

on residue treatments plots in 2016. I also used the plots with N fertilization. In short, in each stand 

study plots were established with 3 different levels of biomass retention and one unthinned control. 

The retention treatments were 0x (all biomass removed), 1x (all the harvesting biomass retained), and 

2x (double the harvesting biomass retained). The additional amount of logging residue in the 2x plots 

was brought from the 0x plots (Figure 2.1).  

Each biomass retention treatment can be divided by two fertilization treatments. Within each retention 

level and the unthinned plots, there was a control (C = no fertilizer) and a fertilized (F) plot. The N 

fertilizer was applied at the rate of 224 kg N/ha as urea (Ramirez et al., 2010).  
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In the plots, temperature and moisture probes were installed to collect temperature and moisture data 

at 10 cm depths in each of the 4-different biomass retention (3 biomass retention levels and 1 

unthinned control) plots. There was one temperature/moisture probe collecting data in the control plot 

and in each of the 3 different biomass retention plots. Data collection was programmed for 2 hour 

intervals.  

 

 

2.2.3 Preparation and field Installation of litterbags 

In March 2016, forest floor (inclusive of the Oa, Oe, and Oi horizons) was collected from an adjacent, 

mature mixed conifer stand at the UI Experimental Forest and returned to the USDA Forest Service 

Moscow Forestry Sciences Lab for processing. I did not use the litter that was produced in each stand 

in order to reduce the variation of litter quality. The forest floor was air-dried at room temperature and 

sticks, twigs, green needles, and cones were picked out and discarded. The remaining brown needles 

were homogenized and moisture content at time 0 was determined on a subsample at 65℃ to a 

constant weight. Commercially available fiberglass screen (1 mm mesh) was used to construct the 

litterbags. A rotary cutter and straight-edge were used to cut the screen into 36 cm x 20 cm rectangles 

which were folded in half and an impulse sealer (TISH-300, TEW Electric Heating Equipment Co., 

Ltd, Taipei, Taiwan, R.O.C.) was used to seal the edges at 2.5 cm. Empty litter bag weights were 

recorded and each litter bag was filled with 20 grams of forest floor and sealed at 2.5 cm, creating an 

area 15.2 cm x 15.2 cm for the litter.  

Figure 2.1. Experimental design for biomass and fertilization treatments in each mixed conifer and ponderosa pine 

stand at the University of Idaho Experimental Forest, Hatter Creek Unit, near Princeton, ID 
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On April 7, 2016, approximately 3 years after the thinning treatments were applied (2013, spring), all 

litter bags were placed in the field. Litter bags were tagged and secured to the soil with two 15.2 cm 

landscape staple, one in each 2.5 cm margin beyond the seam (Figure 2.2). Within each thinning and 

fertilizer treatment, fifteen litter bags (5 sampling dates and 3 replicates) were randomly arranged in a 

grid of 3 rows and 5 columns with at least 20 cm between bags (Figure 2.3). In the 1x and 2x biomass 

retention treatments, the biomass was removed prior to litterbag placement and was replaced after their 

installation. The number of deployed litter bags in one stand was 120 litter bags. The total number of 

litter bags installed in both stands were 240 (2 stands * 4 biomass retention treatments (3 biomass 

retention levels and 1 unthinned control) * 2 fertilizer amendments * 5 sample dates * 3 replicates). In 

addition to the deployed bags, 7 litter bags were constructed as correction bags. These were 

transported to the field and installed as the other bags but were then collected and brought back to the 

lab to assess what amount of material might be lost to handling and transportation. The correction bags 

were used for initial values of nutrients (C, N, Ca, Mg, and K) and C/N ratio (Table 2.1) and were also 

used for correcting initial weight of litter bags. I measured the amount of mass loss during the 

transportation of litter bags from laboratory until litter bag deployment and averaged the mass loss 

from transportation; the averaged lost mass from the litterbags was subtracted from the initial weight 

of litter in the litter bags (W0) which was required to calculate remaining mass (%), mass loss (%), or 

decomposition rate (constant k).  
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2.2.4 Litterbag removal and analysis  

The litterbag collections occurred every 5 weeks from May to September in 2016. The first sample 

collection (May 11th) was 34 days after deployment and the subset of three randomly selected replicate 

bags were collected. Later collections occurred 71, 103, 137, and 172 days after the installation date 

(April, 7th). Every collected litter bag was placed into a labeled zip-type bag, kept in the cooler and 

transported directly to the Moscow Forestry Sciences Laboratory and cleaned of matter which was not 

part of the initial mixture including live plants which might grow through the mesh, seeds, bugs, and 

eggs of insects. After cleaning, samples were weighed for wet weight (g) and measured for a CO2 level 

(µ𝑚𝑜𝑙 ∙ 𝑚𝑜𝑙−1) by using an EGM4 (PP Systems, Amesbury, MA) to determine respiration (Paudel et 

al., 2015). In turn, samples were dried at 65° C to a constant weight and weighed for the determination 

of moisture content and weight loss. The moisture value was calculated by subtraction dry weight 

from wet weight. From dry weight, remaining mass was displayed as a percentage of the final dry 

weight of the initial dry weight (before incubation). 

  

  

Figure 2.2 A litterbag (Aluminum tag attached the other 

side of the litterbag) 
Figure2.3 Deployment of the litterbags in the field 
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2.2.5 Chemical analyses 

Dried samples were coarse ground with a Wiley Mill using a 5 mm-mesh sieve (Thomas Scientific, 

Swedesboro, NJ) and split with a rifle-type splitter (Humboldt Manufacturing, Elgin, IL). One sub-

sample was used as a representative subsample for further analyses. Samples were fine ground with an 

8000D Mixer /Mill (Spex SamplePrep, Metuchen, NJ). Total C and N were determined on a Leco 

TruSpec CN analyzer (St. Joseph, MI) and used to determine the C/N for each sample. The TruSpec 

employs dry combustion of the samples at high temperature and uses an infrared (IR) detector to 

measure C and a thermal conductivity (TC) cell to determine N from the combustion gases (Nelson 

and Sommers 1996). Organic matter concentration was determined by loss-on-ignition (Nelson and 

Sommers 1996). Organic cations were extracted after dry ashing in a muffle furnace at 475℃ for 5 

hours and extracted with 2M nitric acid for estimating exchangeable cations (calcium (Ca), 

magnesium (Mg), and potassium (K); Jones Jr. et, al., 1990; Nelson and Sommers, 1996; Sumner and 

Miller, 1996; Thomas, 1996). Analysis of the cation extract was conducted on an Atomic Absorption 

Spectrometer (PinAAcle 500, Perkin Elmer, Shelton, CT).  

 

2.2.6 Calculation and statistical analyses 

Decomposition rate (k) for each residue retention levels (treatments) was calculated with the negative 

exponential decomposition function (1) (Olson, 1963):  

k = ‒ ln (𝐷𝑊𝑡/𝐷𝑊0)/t ……… (1) 

where 𝐷𝑊0= initial dry mass of litter prior to the incubation, 𝐷𝑊𝑡 = dry mass remaining at time t, k = 

decomposition rate, and t = time (year).  

Analysis of variance (ANOVA) was used to analyze all data incorporating the Tukey's honest 

significant difference (HSD) test implemented in R software to determine the differences (P < 0.1) 
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between different treatments at each sampling date (R Development Core Team, 2015). The 

exponential curve fitting was used for the remaining mass of litterbags. 

 

2.3 Results 

2.3.1 Residue retention effects on litterbag mass loss  

During the whole incubation period (172 days), litterbags lost 15% to 25% of the initial mass (Figure 

2.4). The incubation time was the most important factor controlling decomposition (Table 2.2). 

Litterbag mass loss in all biomass treatments was detected at the first sample date. Litterbag mass 

differed by biomass treatments during the incubation period (Figure 2.4, Table 2.2); in 103 days of 

incubation and 172 days of incubation, the mass loss in 0x was significantly higher than the mass loss 

in unthinned control. When all incubation days were combined, the unthinned control had slower 

decomposition rate than other biomass treatments although, among the three biomass retention levels, 

only 0x showed significantly higher decomposition rate compared to control (Figure 2.5). In general, 

the managed plots (three biomass retention levels) had higher decomposition rates compared to 

unthinned control. Removing all residual biomass (0x) resulted in the greatest litterbag mass loss as 

compared to the unharvested control or other biomass retention levels (1x or 2x).  

Figure 2.4 Remaining mass in each residue retention 

treatment during the incubation periods. (unthinned 

control (un)-Blue, 0x-Orange, 1x-Grey, and 2x-Yellow). 

Figure 2.5 The decay constant k in each residue retention 

treatment (±standard error of the mean, n=4). Different 

letters indicate significant differences at p<0.1. 
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2.3.2 Changes in litterbag moisture content and respiration  

Moisture content and respiration rate of litterbags were affected by time and biomass treatments, but 

fertilization did not affect either moisture content or respiration (Table 2.2). Litterbag moisture content 

was significantly lower in the ponderosa pine than the mixed conifer stand (Figure 2.6), but there were 

no differences in litter respiration between the two stand locations (p=0.235). When all biomass 

retention treatments were combined, moisture content in the litterbags had a significant continuous 

decrease from May (34 days) to August (137 days), and a slight increase in September (Figure 2.7). 

Biomass retention level also significantly affected moisture content in litter compared to unthinned 

control but no there were differences among 0x, 1x, and 2x (Figure 2.8). The moisture content in the 

litter was the highest in unthinned control (16%) and next came 1x (13%), 0x (11%) and 2x (10%). 

Compared to unthinned control, 2x and 0x had a significantly lower moisture content in the litter but 

1x was not statistically different from unthinned control. For moisture content in the litter, there were 

significant differences between stands; when all treatments were combined, the averaged moisture 

content of mixed conifer stand had approximately 27% more moisture than that of ponderosa pine 

stand. 

The impacts of time, biomass treatment and fertilization treatments on litter respiration followed a 

similar pattern as moisture content. Litterbag respiration levels decreased during the summer as 

moisture content was reduced and then tended to increase in fall (after 137 days of incubation 

(September); Figure 2.9). This September increase corresponded with 31mm of rainfall compared to 

25mm in July and 6mm in August (U.S Climate Data Website). Similar to moisture content, biomass 

retention levels significantly affected respiration in litter compared to unthinned control; however 

there were no significant differences among 0x, 1x, and 2x (Figure 2.10). There is a strong (R2 = 

0.7383; p < 0.0001) correlation between litter moisture content and litter respiration; when litterbag 

moisture content was low, litter respiration was also low, vice versa (Figure 2.11).  
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 Respiration in the litterbags follows a similar trend as moisture content (Figure 2.10). Litterbag 

respiration was highest in the unthinned control and was significantly higher than 0x and 2x (p = 

0.032). This respiration trend in Figure 2.10 was very similar to litterbag moisture content (Figure 

2.8). However, unlike moisture content, respiration rate was not affected by stand location.  

  

 

 

 

 

 

 

 

 

 

The majority of the forest surface temperature data was lost because the field data loggers did not 

record. The available soil temperature data is shown in Figure 2.12. In this experiment, residue 

retention levels as well as thinning did not significantly affect the soil temperature at 10 cm depth. 

However, there were interesting relationships between soil temperature and mass loss in each residue 

retention treatments (Figure 2.13) indicating that as soil temperature increased so did mass loss. 

Among the residue retention levels, mass losses in 0x, 2x, and unthinned control were highly related to 

soil temperature (𝑅2 > 0.6). 

Figure 2.6 The impact of stand difference on moisture content in litterbags (±standard error of the mean, n=40). 

Different letters indicate significant differences among the stand at p<0.1. 
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Figure 2.11 Relationship of microbial respiration and 

litterbag moisture content for all dates and residue 

retention levels. 

Figure 2.8 Average litterbag moisture (±standard error of 

the mean, n=20) as affected by residue retention level . All 

incubation dates are combined. Different letters indicate 

significant differences among treatment at p<0.1. 

Figure 2.10 Average litterbag respiration (±standard 

error of the mean, n=20) as affected by residue retention 

level. All incubation dates are combined. Different letters 

indicate significant differences among treatment at p<0.1. 
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Figure 2.7 Litterbag moisture content as affected by 

incubation time when all residue retention treatments 

are combined (n=16). Different letters indicate 

significant differences among treatments (P<0.1). 

Figure 2.9 Litterbag respiration rate as affected by 

incubation time when all residue retention treatments are 

combined (n=16). Different letters indicate significant 

differences among treatments at p<0.1. 

Figure 2.12 Soil temperature (±standard error of the 

mean) within residue retention treatments when all 

dates are combined (n=14, n=14, n=12, n=10). 
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2.3.3 Residue retention effects on litterbag nutrient 

In general, the nutrients in the litterbags significantly changed during the incubation period except for 

N content and K concentration. Specifically, both the concentration and content of carbon in the 

litterbags decreased significantly after the litter bag was deployed. Compared to the initial C content, 

C content decreased significantly over time (Figure 2.15 (a)). Carbon concentration showed the 

significant decreases after 71days of incubation compared to initial C concentration (Figure 2.15 (b)). 

Nitrogen content did not change (p=0.1902; Table 2.2; Figure 2.15 (c)). Unlike N content in the 

litterbags, N concentration in the litterbags significantly increased over time (Figure 2.15 (d)). Based 

on C and N changes, the C/N ratio also declined during the incubation periods (Figure 2.15 (e)). The 

C/N ratio was significantly lower in the last two sample dates as compared to the first 3 dates. 

When all biomass retention treatments were combined, Ca and K concentrations exhibited similar 

patterns during the incubation periods. Calcium concentrations in litter increased until 103 days of 

incubation and decreased thereafter (Figure 2.16 (a); (e)). Calcium concentrations increased in the first 

103 days of incubation and significantly decreased thereafter and as compared with initial Ca (Figure 

Figure 2.13 The relationship between weight loss and soil temperature. Soil temperature data from both mixed conifer 

and ponderosa pine stands were combined and averaged. 
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2.16 (a)). Magnesium concentrations decreased significantly over time compared to the initial 

concentration and were lowest on day 137 (Figure 2.16 (c)).  

The biomass retention treatments significantly influenced C content, N content, and K concentration 

but did not significantly affect the concentration of C, N, Ca and Mg and the C/N ratio (Table 2.2). 

The unthinned control litterbags had significantly higher C content compared to 0x; however, there 

were fewer significant differences among the three biomass retention levels (Figure 2.17). The 

nitrogen content in litterbags also showed significant differences between unthinned control and 0x 

having significantly lower N content (Figure 2.18). Unlike C content, N content had significant 

differences among the various biomass retention levels and in the decreasing orders are unthinned 

control> 1x> 2x> 0x. More specifically, 0x had the lowest N content and was significantly lower than 

in the 1x treatment where biomass from thinning was retained. On the contrary, the concentration in 

each C and N  and the C/N ratio did not change among the biomass treatments. Based on C and N 

content (Figure 2.17; 2.18), 0x increased the mineralization of C and N in the litterbag into the soil 

compared to that of unthinned control.  

Although the impact of biomass retention levels on K concentration in the 0x and 1x did not differ 

from unthinned control, K concentration in 2x was significantly higher than 0x (Figure 2.19). On the 

contrary, Ca and Mg in the biomass retention treatments did not show any significant changes 

compared to unthinned control. The impacts of biomass retention on Ca concentration were 

nonsignificant compared to unthinned control. Similarly, the concentrations of Mg were not affected 

by biomass treatments when compared to unthinned control.  

In addition, an interaction between biomass treatments and time in N content in litterbags was found 

(Table 2.2). For 71 days, litterbag N content in all residue retention treatments consistently decreased. 

However, after 71 days, the trend of N content changed. 
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Among the nutrients, only the concentration of Mg was significantly different between the two stand 

locations (Table 2.2) where it was significantly higher in the ponderosa pine stand as compared to 

mixed conifer stand (Figure 2.14).  

 

 

 

 

 

 

 

 

  

Figure 2.14 The impact of stand difference on Mg concentration (±standard error of the mean, n= 40). Different letters 

indicate significant differences among the stand at p<0.1. 
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   Figure 2.16 The influence of incubation time on (a) Ca content, (b) Ca concentration, (c) Mg content, (d) Mg 

concentration, (e) K content, and (f) K concentration. Different letters indicate significant differences among the 

incubation periods at p<0.1.  
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Figure 2.17 Average C content (±standard error of the 

mean, n=20) in litterbags as affected by residue retention 

treatments when all incubation dates are combined. 

Different letters indicate significant differences among 

treatment at p<0.1. 

Figure 2.18 Average N content (±standard error of the 

mean, n=20) in litterbags as affected by residue retention 

treatments when all incubation dates are combined. 

Different letters indicate significant differences among 

treatment at p<0.1. 

Figure 2.19 The impact of residue retention level on the 

concentration of potassium (K) when all incubation periods 

combined (±standard error of the mean, n=20). Different 

letters indicate significant differences among the biomass 

treatments at p<0.1. 
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2.3.4 Fertilization and thinning impacts on litterbag decomposition rate and the 

properties on the forest floor and in mineral soil 

I expected that N fertilization in 0x would maintain the decomposition rate compared to the other 

treatments with retained residue because removal residue might decrease the input of N. In addition, I 

expected  increased decomposition rate in fertilized treatments compared to non-fertilized treatments. 

However, compared to non-fertilized treatments, N fertilized treatment did not affect N content, N 

concentration, mass loss, or decomposition rate in the litterbags (Table 2.2). More specifically, N 

fertilization did not show any significant effect on litter decomposition rate among the treatments. In 

addition, compared to other treatments, 0x did not reduce the N input into either the forest floor or 

mineral soil (Table 2.3).  

While N fertilization did not alter C, N, OM content, and pH on the forest floor and in mineral soil, 

generally, the thinning increased C, N, and OM content in the forest floor, even in the 0x treatment 

with no residual biomass (Table 2.3). Soil pH in the forest floor was unaffected by thinning or residue 

treatment. The forest floor C/N ratio was lower post-harvest when compared to pre-harvest. By the 

 

Figure 2.20 Changes in N content of litterbags in each residue retention treatment in each same date of incubation. 

Different letters indicate statistically significant difference (p<0.1) within each incubation date.  
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end of the study, the unthinned stand also had an increase in these forest floor properties. Similarly, 

mineral soil (to a depth of 20 cm) had increased C, N, and OM. The C/N ratio in the mineral soil 

increased significantly in all treatments. Although pH was significantly lower in the 2x treatment, it 

was likely not biologically significant. The C/N ratio of mineral soil in 2x was significantly higher 

than pre-harvest as well as the unthinned control (p=0.094). As expected, fertilization significantly 

increased soil C, N, OM, and significantly lowered the C/N ratio and pH in both the mineral soil and 

forest floor when compared to pre-harvest levels (Table 2.4).  
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2.4 Discussions 

2.4.1 Residue retention, thinning, and litter decomposition  

The growing season in northern Idaho forest ranging from May to October, generally hot and dry; the 

mean temperature during the growing season is 14.9 ℃ and the mean annual precipitation averages 

688mm most of which falls as snow during the non-growing season from November to May (U.S 

Climate Data Website; May in 2017). Therefore, I expected the moisture content and respiration in 

litterbags would decrease as time elapsed during the growing season. In addition, removal of logging 

residue would decrease litter decomposition because microbial activity in the litter can be reduced due 

to the lack of moisture content (Hicks, 2000; Hicks et al., 2003; Chapin et al., 2011). 

During the incubation period which ranged from April to September, the moisture content and 

respiration in litterbags decreased from May to August and slightly increased thereafter which is 

paralleled with the air temperature data. Also, the litter in litterbags continuously lost mass and 

reached a maximum mass loss of approximately 25% at the end of the incubation period. This is much 

less than the averaged mass loss of decomposition for a wide variety of litter material in northern 

forests (Berg, 2000). This indicates that at the end of my study mass loss was not complete. This is 

because my research included just one growing season which was not long enough to expect complete 

decomposition of litter.  

My hypothesis about residue retention treatments was that the 0x would have lower litterbag moisture 

content and litterbag respiration than 1x, 2x, and unthinned control due to the lack of residue retention. 

Consequently, 0x would have a slower decomposition rate and less mass loss than other treatments 

since 0x would have lower moisture content and respiration in litterbags among the residue retention 

treatments. Although the effect of residue retention treatments showed significant differences in 

litterbag moisture retention (Figure 2.8) and respiration (Figure 2.10) compared to the unthinned 

control, there were no significant differences among the three biomass retention levels in thinned 

plots. However, the comparison to unthinned control implies the negative effect of all biomass 
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removal (0x) on moisture content and respiration in the litterbags. Normal biomass retention (1x) 

helped retain a similar litterbag moisture content and respiration as compared to the unthinned control, 

but when all biomass was removed (0x) there was significantly lower litterbag moisture content and 

respiration. The reason why the unthinned control had the highest moisture content compared to the 

thinned plots might be because uncut forests generally have greater canopy coverage than thinned 

stands resulting in decreased surface soil temperature and water loss through evaporation (Prescott, 

2002). Therefore, unthinned stands in my study may retain more moisture and respiration (Figures 2.9; 

2.10). My results indicate that when woody biomass is removed after thinning there can be a decrease 

in decomposition rate due to the lack of moisture content.  

In my study, however, either higher moisture content or respiration in litterbags did not lead to faster 

decomposition rate or larger mass loss. To explain, although the unthinned control plots had 

significantly higher moisture content and respiration than 0x, decomposition rate and mass loss in 

unthinned control were significantly lower than in 0x. There are two possible explanations. One 

possible cause is that during the summer the moisture content in 0x may not have been low enough to 

significantly impede decomposition. The other possible explanation is that low moisture content might 

be less influential on decomposition (Hicks 2000; Hicks et al. 2003) than water-logged conditions 

(Smyth et al. 2016). The higher decomposition rate in 0x than unthinned control might be explained by 

a decomposition study which was reported by DeCatanzaro and Kimmins (1985). According to 

DeCatanzaro and Kimmins (1985), they examined the effect of moisture gradient on decomposition 

rate, but they found no differences in decomposition in northwestern forests; the reason why the 

decomposition rates in three different moisture gradients were similar in their study might be because 

1) moisture content did not very important to litter decomposition in northwestern forest and/or 2) the 

other factors controlling decomposition such as substrate quality or microbial composition were more 

important than moisture gradients in their study. Likewise, in my research, other controlling factors 

could more strongly affect litter decomposition than moisture content did. I used the same litter for 

both ponderosa pine and mixed conifer stands; the effect of litter quality cannot affect the rate of 
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decomposition in this study. Therefore, the possible effect on litter decomposition rate might be 

thinning operation which can increase the temperature on forest surface. In addition to moisture 

content, temperature also plays a key role in regulating decomposition (Swift et al., 1979; Lloyd and 

Taylor, 1994; Wickland et al., 2008). Clear-cut harvesting increased litter decomposition because less 

canopy coverage increased forest surface and soil temperatures and subsequently increased litter 

decomposition (Prescott et al., 2000; Lee et al., 2002). In this regard, retaining no surface biomass 

after thinning likely resulted in more solar radiation reaching the forest floor. Increased solar radiation 

will increase the temperature on the forest floor at which the litterbags located. Consequently, if 

moisture is not limiting, rising temperatures can increase microbial decomposition (Chapin et al., 

2011). During litterbag incubation, adequate litter moisture content and rising forest surface 

temperature in 0x possibly increased the decomposition rate and mass loss as compared to the 

unthinned control; with the 1x and 2x having intermediate levels of mass loss. In my study, I was not 

able to get forest surface temperature data because of broken field data loggers; however, based on the 

study by Thibodeau et al. (2000), I postulated that forest surface temperature would be warmer than 

soil temperature which is measured (Figure 2.12) and that the surface temperature might be more 

susceptible to residue retention levels. In addition, wood decomposition studies also support the 

temperature effect more than moisture when wood stake placed on the top of the forest floor (Yatskov 

et al. 2003; Mackensen et al. 2003; Jurgensen et al. 2006; Risch et al. 2013; Finér et al., 2016). The 

activity of decomposing fungi has been found to increase 1.4 - 4.8 fold for every 10º C rise in mean 

annual temperature (Q10; Mackensen et al., 2003; Yatskov et al., 2003; Hermann and Bauhus, 2013).  

I found that the k-rate increased approximately 28 % from the unthinned to the thinned plots. The 

reason for higher k-rate in the thinned plots might result from the higher temperature in the thinned 

plots. Figure 2.13 showed the relationship between soil temperature and weight loss in this study; the 

weight loss in most residue retention treatments except for 1x (𝑅2 = 0.5233) were highly related to 

soil temperature at 10 cm depth. Therefore, my decomposition results might imply that the thinning 

operation increased decomposition. These are similar to research on thinned white spruce forests in 
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Alaska (Piene and Van Cleve, 1978) and precommercial thinning in a balsam fir forest in Quebec 

(Thibodeau et al., 2000). In both studies, thinning increased decomposition rate compared to 

unthinned treatments. 

 

Soil microorganisms are critical for nutrient cycling processes (Paul and Juma, 1981; Ross and 

Sparling, 1993). Forest management activities may reduce soil organic matter and change microbe 

levels (Ladd et al., 1985). I did not find decreases in soil OM after thinning which also explains the 

lack of changes in cations. However, in the long-term, removal of all thinning biomass may have a 

negative influence on nutrient pools and decomposition in northwestern forests. Although this study 

included just one growing season, no biomass retention in thinned plot decreased moisture content and 

litterbag respiration compared to normal biomass retention.  

 

Another possible reason why decomposition occurred faster in 0x might be due to photodegradation of 

litter in the litterbags. Photodegradation refers to litter decomposition which is caused by light 

exposure or solar radiation. In many studies, light exposure or solar radiation increased mass loss and 

decomposition through photodegradation (Austin and Vivanco, 2006; Brandt et al., 2010; Liu et al., 

2014). Moreover, in an arid and semi-arid area, the photodegradation is believed to be a direct 

contributor to litter decomposition. Thus, I believed that during the hot and dry summer in northern 

Idaho 0x had more solar radiation and light exposure when compared to other treatments that had the 

retained residue or canopy. Therefore, photodegradation probably had more significant effects on the 

litterbags in 0x plots and it might make the larger mass loss and the higher decomposition rate in 0x 

among the residue retention treatments.   



43 
 

 
 

2.4.2 Changes in litterbag C and N  

 
I expected that 0x would have a higher amount of remaining C and N (content) in the litterbags 

compared to other treatments (1x, 2x, and unthinned control) because it would have a slower mass loss 

and decomposition rate. However, C loss in the litterbags was larger in 0x compared to other 

treatments (1x, 2x, and unthinned control) due to faster decomposition rate and more mass loss. Even 

though carbon loss was not statistically different among the three biomass retention levels (0x, 1x, and 

2x), the remaining C content in 0x was significantly lower than unthinned control. The significant 

differences in remaining C content between 0x and unthinned control might result from litterbag mass 

loss. As each treatment lost the mass of litterbags, the corresponding C content was lost into the soil or 

was respired into the air from litterbags. These changes in mass loss and C content resulted in the 

similarity of C concentration among the residue retention treatments.  

 

The nitrogen content in the litterbag was changed more in each biomass retention levels than C 

content. The remaining N of litterbags in 0x was significantly lower than in the 1x and unthinned 

treatments (Figure 2.18). The higher loss of the litterbag N might result from the faster decomposition 

rate and higher mass loss in 0x. My results of litterbag N content contradicted those of Smolander et 

al. (2008). They reported that whole-tree harvest resulted in lower N mineralization (more remaining 

N content in litterbags) than stem-only harvest. However, my results parallel a study by Purahong et 

al. (2014) who found that greater forest management harvest intensities resulted in the greater mass 

loss and N content loss in the litterbags when compared to unmanaged control and lower forest 

management intensity plots. Therefore, since the treatment with no residual woody biomass remaining 

on the soil surface (0x) was the more intensive treatment as compared to retaining a normal amount of 

biomass (1x), the 0x treatment had lower litterbag N content. Similar to C concentration, N 

concentration did not show any significant differences among the residue treatments. This might be 

because the treatment, which had the high litterbag mass loss, also lost the significant N content in 
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litterbags at the same time. Therefore, those changes in litterbag mass loss and N content created the 

similarity of N concentration among the residue retention treatments. As decomposition proceeded, C 

concentration decreased over time (Figure 2.15). This is because C content in litterbag decreased over 

time as litter in litterbags broken down (Figure 2.15). The overall correlation coefficient between 

remaining mass and C content is 0.9101 suggesting that higher mass loss may be due to loss of C. 

Therefore, the decreases in both mass and C content in litterbags are the causes of the decreases in C 

concentration. However, the concentration of N increased over time. During the incubation period, the 

increased N concentration in litterbags was often observed in many studies (Goya et al., 2008; 

Smolander et al., 2008); where increased N concentration resulted from the increased N content in 

litter by microbial translocation. However, since the N content in my study did not change over time, 

there was no microbial import from surrounding soil into litter in the litterbags. Therefore, the 

increased N concentration of my study might be because N content in litterbag stayed stable while the 

mass of litterbags decreased over time. 

Figure 2.20, after 71days each treatment showed different trends; nitrogen content in litterbags 

increased in 0x, 2x, and unthinned control while the N content in 1x continuously decreased. I have 

inferred that the increased N content in litterbag might result from microbial translocation from 

surrounding soil into the litter. After 103 days until the end of the incubation period, 0x showed and 

opposite trend compared to other treatment; while litterbag N content in other treatments decreased, N 

content in 0x increased and vice versa. One possible reason for the opposite direction in 0x was that 0x 

lost much N content from litterbag compared to other treatments during the initial phase of the 

incubation period. Consequently, the decomposing litter in 0x might have been a shortage of N and 

microbial decomposers probably needed to import N from surrounding soil into the litter. The other 

treatments followed 0x with the same trend but they are a step behind. This fluctuation between N 

release and accumulation by microbial decomposers was often found in many studies (Bååth and 

Söderström, 1979; Berg and Staaf, 1981; Aber and Melillo, 1982; Boberg, 2009). 
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When all biomass treatments were combined litterbags C/N ratio was found to decrease over time. In 

this case, while C is respired as CO2, litterbag N content remained stable during the incubation period 

(Figure 2.15). This decreasing C/N ratio during decomposition is often observed (Smolander et al., 

2008; Klockow et al., 2014; Purahong et al., 2014). However, I did not detect any changes in the 

litterbag C/N ratio among the residue retention treatments. This is contradictory to results of 

Smolander et al. (2008) which found that whole-tree harvesting resulted in a higher C/N ratio than 

stem-only harvest. It is likely that my litterbags had no C/N ratio differences among the biomass 

retention levels because litterbags in each treatment lost C (Figure 2.17) and N (Figure 2.18), 

simultaneously. 

My study is short-term, including just one growing season, which means that one growing season 

could not cover a yearly cycle in soil temperature and moisture. Also, my research data is only 

applicable to ponderosa pine and mixed conifer stands in northern Idaho. Long-term studies lasting 10 

to 15 years note that removing residual biomass can negatively affect C and N mineralization and 

decrease N inputs to the soil (Olsson et al., 1996; Piatek and Lee Allen, 1999; O’Connell et al., 2004; 

Smolander et al., 2008). Therefore, for the future, forest manager should figure out more about this 

positive effect of biomass removal on N release through long-term study. 

 

2.4.3 Cation changes in the litterbags 

I hypothesized that 0x would have a higher remaining cation concentration in the litterbags (lower 

release of cations) compared to other treatments due to the subsequent effect of slow decomposition 

rate. Also, I expected that the concentration of Ca, Mg, and K in the litterbags would decrease as 

decomposition proceeds. The concentration of Ca increased for 103 days and decreased thereafter. 

This increase in Ca concentration for 103 days might result from the increased Ca content, while 

litterbag mass decreased. In other studies, the two-stage pattern of Ca dynamics, which initially 

increased and decreased thereafter, has often been observed (Berg and Staaf, 1987; Hasegawa and 
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Takeda, 1996; Bhatta, 2000; Palviainen et al., 2004; Osono and Takeda, 2004). Calcium content and 

concentration might be increased by microbial translocation; calcium can be imported by fungi into 

the litterbags from the soil; this is because Ca support the growth of certain fungi species and Ca is 

used for decomposition of lignin (Cromack et al., 1975; Connolly and Jellison, 1995). Therefore, the 

initial Ca content and concentration increases in my study might be explained by microbial 

translocation. The latter decrease in Ca concentration was probably due to the reduced Ca content. The 

concent of Ca can decrease during microbial decomposition of cell structure components. Since Ca is 

one of the components of cell structure and Ca is incorporated into a plant cell, accordingly, the 

release of Ca mostly depends on microbial decomposition. Therefore, Ca content might decrease as 

litter broken down by microbial decomposers (Salisbury and Ross, 1992; Rustad and Cronan, 1988; 

O’Connell and Grove, 1996; Ukonmaanaho and Starr, 2001; Palviainen et al., 2004; Goya et al., 

2008). Thus, as decomposition proceeds and the structure of litter is broken down, litterbag Ca 

concentration might decline.  

Unlike Ca concentration, the concentration of Mg did not show the two-phase pattern, but did 

continuously decrease over time. The possible reason for this Mg trend might be due to the existing 

status of Mg in a plant cell. To explain, similar to Ca, Mg is also associated with a structural 

component in plant cells; however, magnesium is more mobile than Ca (Lousier and Parkinson, 1978; 

Bhatta, 2000) because magnesium exists as a solution in the plant cells while Ca is structurally bound 

in plant cells. Thus, Mg can be released through both leaching and microbial decomposition while the 

release of Ca generally depends on microbial decomposition. Therefore, I have inferred that Mg 

concentration in my study may continuously decrease through both leaching and microbial 

decomposition as decomposition proceeds. 

In contrast to Ca and Mg, K concentrations did not change over time (Figure 2.16). It was surprising 

that both concentration and content of K stayed stable during incubation periods even though the 

concentration and content of Ca and Mg, which are less mobile than K in litter during decomposition 
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(Lousier and Parkinson, 1978; Blair, 1988; Hasegawa, 1996; Bhatta et al., 2000), significantly 

changed over time. These trends of both K concentration and K content are different from other 

studies that reported K content or K concentration rapidly decreased during decomposition (Palviainen 

et al., 2004; Goya et al., 2008; Purahong et al., 2014). The trend of K concentration in my study may 

be explained by the status of litter. The litter in the litterbag might have lost K before it was collected 

for my study. To explain, I made the litterbag by using the fresh litter which probably fell during the 

autumn 2015 and before I collected the litter in March 2016. During the winter until I collected litter, 

K may have already leached out of the litter because, in general, K is rapidly released from the litter.  

I hypothesized that residue retention treatments would affect the concentration in the litterbags cation 

(Ca, Mg, and K). Since losses of both Ca and Mg are associated with decomposition. Goya et al. 

(2008) observed higher losses of Ca and Mg concentration on the site with higher decomposition rate 

or mass loss. However, I did not find any significant differences of Ca and Mg concentration among 

the biomass retention levels since there were no significant differences in decomposition rate or mass 

loss among three biomass retention levels. In contrast, the concentration and content of K were 

significantly affected by biomass treatments. The 2x treatment increased K concentrations in the 

litterbags (Figure 2.19). The increased K concentrations in 2x are likely caused by K leaching from the 

downed material into the litterbags. As I mentioned earlier, the mobility of K in plant residue can be 

relatively high and more easily released from logging residue when compared to Ca or Mg, which are 

bound to tissue structure (Lousier and Parkinson, 1978; Barber and Van Lear, 1984; Fahey et al., 

1991; Laskowski et al., 1995; Palvianen et al., 2004). Since K is not bound to plant tissue structure, it 

exists as water-soluble salts that can be leached without microbial activity (Tukey, 1970; Salisbury 

and Ross, 1992). Thus, logging residues or canopy can increase K concentration in forest floor and 

therefore it can be a good source of K in the soil. My results for Ca, Mg, and K agree with reported 

data indicating that biomass retention does not affect Ca and Mg concentrations, but can increase K 

concentrations (Wall and Hytönen, 2011). 
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Therefore, removing all biomass after thinning can reduce the site productivity if there is a K 

limitation. Furthermore, the impact of biomass retention levels on the concentration of Ca and Mg 

were insignificant in short-term but were significant on K concentration. Therefore, the impact of 

biomass removal on litter cations is minimal. However, long-term changes from repeated biomass 

removals may alter site productivity. 

 

2.4.4 Stand effects on decomposition  

There were two significant differences between stands: litterbag moisture content (Figure 2.6) and Mg 

concentration (Figure 2.14). The mixed conifer stand had more moisture and may be related to higher 

levels of canopy cover which was collected on these sites as part of other research. Although not 

statistically significant, the mixed conifer stand had approximately 7% greater canopy cover compared 

to the ponderosa pine stand; leading to greater shading and reduced evaporation. In addition, canopy 

cover at each plot varied considerably and ranged from 4-90% in the mixed conifer stand and 9-80% 

in the ponderosa pine stand. The amount of overstory shading is likely responsible for the differences 

in litterbag moisture content.   

Litterbags in the ponderosa pine stand had the higher Mg concentration and 0.2 % greater mass than 

those in the mixed conifer stand. Magnesium is associated with the structure of litter and as 

decomposition proceeded it decreased with the mass loss (Laskowski et al., 1995; Palvianen et al., 

2004). Therefore, higher Mg concentrations in the ponderosa pine stand might result from higher 

remaining mass. 

 

2.4.5 Nitrogen response to fertilization and biomass retention  

My N fertilization hypothesis was 1) N fertilization will compensate for less input of N due to the 

biomass removal and therefore, 2) N fertilization will increase decomposition rate compared to the 
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non-fertilized treatments to maintain the decomposition rate as treatments with more residue retention. 

However, my results did not support these hypotheses. In the other studies, it was often observed that 

residue removals did not lead to significant decreases in soil N (Carter et al., 2002; Mendham et al., 

2003; Belleau et al., 2006). According to Smolander et al. (2010), compared to normal biomass 

retention treatment, double amounts of retained biomass did not result in significant differences in 

parameters that they measured. For example, there were no significant differences in N mineralization 

in the soil between normal residue retention treatment and double amount residue treatment. In 

addition, C mineralization in double biomass retention treatments had the lowest C mineralization as 

compared to the normal residue retention. The possible explanation for the situation that 2x did not 

make any changes compared to 1x might be due to uneven distribution of thinning residue on the 

forest surface. 

This might be related to the uneven distribution of thinning residues on the soil surface, which may 

also have been the case for my study plots. Likewise, differences in soil N content within the residue 

retention levels in my results also were insignificant (Table 2.3) contradicting the first part of my 

hypothesis (residue removals would decrease N input).  

However, when compared to pre-harvest levels, thinning resulted in increased N in both the forest 

floor and mineral soil. This is likely due to the increased amount of biomass on the forest floor after 

thinning and the alteration of soil temperature and moisture which may lead to faster decomposition of 

retained residue. Forest floor pH in the fertilized plot was significantly higher as compared to pre-

harvest but it did not differ from the non-fertilized plot. This significant increase may be due to higher 

levels of OM on the forest floor which elevated base cations in forest floor compared to pre-harvest 

(DeByle 1980; Megahan 1990; Jones and Jacobsen, 2005). Mineral soil pH decreased in fertilized plot 

compared to pre-harvest although it was not different from non-fertilized plot. Although I did not 

measure nitrification or ammonification on these study sites, N fertilization has been shown increase 

nitrification which may reduce soil pH (Chase et al. 1967). 
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The second part of my hypothesis about fertilization that N fertilization would maintain decomposition 

rates was also not supported by my results. One reason that N fertilization may not be a significant 

factor for litter mass loss on my sites is that they were fertilized 3 years before the litterbags were 

installed. It is likely that the fertilization effect on microbial populations was short-lived (Hobbie and 

Vitousek, 2000) or had no significant effect (Prescott 1995). This could be because our initial litter 

(initial N was 116.67g N in litterbag) had high enough N concentration for microbial decomposition 

(Sinsabaugh et al. 2002), but other environmental factors (e.g., temperature or moisture) may have 

effected litterbag decomposition to a greater extent (Knorr et al. 2005). 

 

2.5 Conclusion 
Understanding the impact of thinning on site processes is critical for developing best management 

practices for maintaining a long-term site and soil productivity. Although the scope of inference for 

my study is limited to the two sites where I installed litterbags, this provides needed baseline data on 

the impacts of thinning on litter decomposition rates. The findings of my study also have important 

implications for the effect of biomass retention on ecosystem function, especially nutrient cycling. 

Residue (biomass) removal had no negative effects on litter decomposition, cation concentration, C, 

N, and C/N ratio despite decreased litterbag moisture content and respiration. Instead, removal of 

biomass increased litterbag decomposition rate and input of C and N into the forest floor or the soil. In 

addition, the high (2x) residue retention treatment had increased litterbag K concentration, indicating 

that residues may be a source of K on nutrient-limited sites. However, N fertilization in this study did 

not have a compensating effect on litter decomposition by providing N into the soil or forest floor. 

This could be because fertilizer was applied 3 years before my litterbags were installed and N had 

already been used by microbes or leached into the mineral soil. Therefore, I conclude that removal of 

residue will not damage short-term ecosystem function in these northern Idaho soils and that the 
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application of N fertilization three years before was not important for maintaining the current nutrient 

cycle. Other above- and belowground long-term data are needed to assess the effects of residue 

retention levels on other site processes.   
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