
ABSTRACT 

FANG, YUAN. Management effects on soil carbon balance in loblolly pine (Pinus taeda L.) 

plantations in the southeastern United States. (Under the direction of Dr. Asko Noormets and 

Dr. John S. King). 

 

Forests store carbon (C) and serve as a large C sink. Loblolly pine is the predominant timber 

species in the southeast U.S., contributing significantly to the regional C balance. Productivity 

has been largely increased through silviculture such as fertilization, site preparation, and 

genetic improvement. Forests have a huge potential to mitigate global warming due to high C 

uptake and storage. Silvicultural practices have increased aboveground productivity over five-

fold, however, effects on belowground C are poorly understood. In this study, I (1) evaluated 

total belowground C flux in four contrasting genotypes of loblolly pine in the North Carolina 

coastal plain, (2) estimated the fine root mortality and soil C balance as a function of drought 

and fertilization on three loblolly pine plantations across the southeastern U.S., and (3) 

conducted a comprehensive literature review on fine root necromass and mortality, and 

explored variation across environmental gradients and the influence of biotic and abiotic 

factors.   

The major results are: (1) The genotype with broad crown had greater soil CO2 efflux than the 

other genotypes, but this did not translate to greater total belowground carbon flux (TBCF). 

The largest uncertainty in TBCF estimates was in quantifying the mineral soil C pool due to 

large spatial variability in this lower coastal plain plantation. A careful experimental design 

and sufficient sample size is needed to quantify clonal differences in future studies; (2) 

Fertilization decreased live fine root (LFR) biomass and increased coarse root biomass. The 

heterotrophic respiration: total detritus production ratio was 2.3 on average, indicating that the 

soil of these young loblolly pine stands was losing C. Fertilization increased litterfall and 



reduced the heterotrophic respiration (RH): total detritus production ratio, but it had no effect 

on fine root mortality. This indicates less C was lost from soil, not because of decreased detritus 

production, but because of lower decomposition rate in fertilized plots.  RH and litterfall were 

an order of magnitude greater than fine root mortality, thus they had much greater impact on 

the RH: D ratio. Drought will likely decrease C loss from soil in loblolly pine plantations and 

may sequester more C in soil by fertilization; (3) From the literature review, the mean fine root 

necromass and mortality (< 2mm diameter) was 286±29g m-2 and 318±49 g m-2 yr-1, 

respectively, at 30 cm depth in forestry ecosystem. Fine root necromass and mortality varied 

with latitude, temperature, precipitation, and age. Elevated CO2 and drought increased fine root 

mortality and fine root necromass. Fine root mortality was tightly coupled with fine root 

production. This study evaluated the soil C balance using two methods and did a 

comprehensive reviewing on fine root mortality which is one of the most important 

belowground C fluxes, contributing to knowledge regarding soil C dynamics in response to a 

changing environment. It contributes to understanding management effects on forest soil C 

balance and informs management decisions attempting to balance commercial productivity 

with other ecosystem service, including mitigating climate change.  
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CHAPTER 1.  INTRODUCTION 
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1. Brief literature review on the forest C cycle under intensive management 

In view of a rapidly changing climate, the terrestrial carbon (C) cycle has received great 

attention over the last two decades. Forests play a specific and important role in the global C 

cycle by storing large amounts of C in live and dead biomass. Forest biomass and soils contain 

about 1240 Pg of C (Dixon et al. 1994). Because of these large standing pools, forests serve as 

a large C sink and have great potential to remove CO2 from the atmosphere, in consequence 

mitigate climate change effects on entire ecosystems. The C cycle consists of photosynthesis 

and respiration processes. Tree creates carbohydrates using CO2 and store it aboveground 

(stems, branches and leaves) and belowground (roots). C is input into soil by litterfall and root 

turnover. C returns to the atmosphere by autotrophic respiration and heterotrophic respiration 

(Figure 1). 

Human activities have a huge impact on the forest C cycle. Burning fossil fuels, land use 

change (deforestation), etc. contribute to greater atmospheric CO2 concentration (Guo and 

Gifford 2002; Magnani et al. 2007). Study of how these changes affect forest C storage and 

how to manipulate those changes is urgently needed with the growing demand for wood fiber 

and energy by humans. Loblolly pine (Pinus taeda L.) is the most important forest species in 

the southern US due to its fast growth rate (Baker and Balmer 1983) and responses to 

silviculture and genetic improvement. The combination of silvicultural practices (fertilization, 

competition control, site preparation, and planting) and genetic improvement has increased 

aboveground productivity over 5-fold since the first commercial plantation in the 1940s  (Fox 

et al. 2007), but effects on belowground C are still poorly understood. On the one hand, 

belowground productivity increases roughly proportionally to that aboveground (King et al. 

1999), but the disturbances associated with the increasing harvest frequency and site 
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management practices may stimulate soil C loss (Noormets et al. 2015). The balance of these 

counteracting processes affects long-term C sequestration in the soil, understanding of which 

could facilitate the use of intensively managed forests for mitigation of global climate change.  

Improved loblolly pine genotypes have been deployed across the southern United States as one 

component of silvicultural practices. Based on the premise that optimal leaf display that 

maximizes photosynthetic C uptake may also increase biomass production, forest industry and 

tree breeders are exploring the growth patterns of phenotypically contrasting genotypes, 

referred to as ideotypes (Dickmann 1985). An ideotype is usually defined by the crown 

characteristics and includes properties such as branch size, branch angle, number of branches 

and tendency to self-prune (Martin et al. 2001). However, strong correlations between leaf-

level photosynthesis, stem growth, and crown ideotype have not been found to date (Albaugh, 

unpublished). Such a response could potentially be explained if genotype strongly affects 

belowground allocation patterns. Thus, the study of genetic effects on belowground C fluxes 

is urgently needed (Chapter 2).  

2. Brief literature review on soil C cycle and dynamics 

Soil plays a critical role in forest C cycling, but knowledge gaps remain: How much of the C 

assimilated annually is allocated belowground? How will soil C sequestration change with 

variation in soil nutrients and water availability?  How will soil C stocks change in response 

to forest management and global warming?  A comprehensive understanding and effective 

quantification methodology of fluxes in soil C cycling will help answer these questions.  
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2.1.Fluxes in soil C cycle. 

Carbon stored in soils represents the largest and most dynamic C pool in nearly all terrestrial 

ecosystems. The total soil organic C pool has been estimated to be 1.6 ×1018 g C (Lal et al. 

2003). Thus, it has a huge potential for either sequestering or releasing C into atmosphere. 

Small changes in the processes that control soil C cycling could alter a forest from C sink to 

source. Net soil C balance depends on the balance between C input (total belowground C 

allocation= belowground net primary production + exudation + litterfall) and output fluxes 

(heterotrophic respiration + leaching). In forest ecosystems, the source of soil C input is from 

photosynthesis or net primary productivity. Assimilates can enter soil transferred directly from 

the roots or can be converted to biomass that is transferred to the soil via litter. As a soil C 

output, soil respiration is the primary path by which CO2 fixed by land plants returns to the 

atmosphere. Estimated at approximately 75 × 1015 g C yr-1, this large natural flux is likely to 

increase due to climate change (Schlesinger 1977).  

The total forest C stock is large and in dynamics equilibrium with its environment. Carbon 

fluxes are attributed to numerous abiotic and biotic factors. For example, fertilization (i.e. 

increasing soil nutrients availability) generally caused an increase in soil C due to increased 

net primary production (Johnson 1992). However, how fertilization interacts with potentially 

more frequent drought events under global warming is less clear. Understanding how these 

factors affect soil C dynamics and the interactions between them is critically important to 

evaluate the forest C balance and assess the role of forest management on soil C sequestration 

(Chapter 4).  
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Soil respiration, or soil CO2 efflux (FS), is the second largest measurable component in the C 

balance of terrestrial ecosystems and has been measured in the field for more than eight 

decades (Anderson 1982). Annual FS ranges from 360  g C m-2 yr-1 for boreal evergreen 

needleleaf forests to 1540 g C m-2 yr-1 for broadleaf forests (Gower 2003). It is also the primary 

path of C fixed by plants returned to the atmosphere and has been estimated at 75 x 1015 g C 

yr-1 (Schlesinger 1977). It is affected by warming temperatures and may contribute to the rise 

in atmospheric CO2 (Schlesinger and Andrews 2000; Bond-Lamberty and Thomson 2010). FS 

consists of respiration by roots (autotrophic respiration, RA) and by heterotrophic 

microorganisms (heterotrophic respiration, RH). The processes controlling the sources and 

dynamics of FS and partitioning between RA and RH remain poorly constrained (Bond‐

Lamberty et al. 2004), as root-associated microbial communities are difficult to tease apart 

from their root hosts. FS can be measured by a closed dynamics chamber (Li-Cor 6400, or 8100, 

Li-Cor Inc., Nebraska USA) and is typically in the range of 60-75 mol C m-2 yr-1(Matteucci et 

al. 2000; Janssens et al. 2001). On average, the relative contribution of RH and RA to FS is 50% 

of FS, respectively (Hanson et al. 2000), but over shorter periods, and in response to 

disturbance events, this may change significantly. The ratio of RH : RA varies seasonally and 

during stand development as root biomass changes (Wang et al. 2002).  

Total belowground C allocation (TBCF) is the total C flux that supports the production and 

maintenance of plant and rhizosymbiont biomass, including carbohydrates used for 

mycorrhizae and exudates. TBCF has been demonstrated to be the single largest flux of C in 

forest ecosystem aside from canopy assimilation, and it could be as much as two times litterfall 

(Raich and Nadelhoffer 1989; Davidson et al. 2002). However, the difficulty of directly 
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quantifying TBCF has limited our understanding of soil C cycling and the factors that control 

this important flux.  

Fine root turnover (production and mortality) is an important pathway of C input into the soil 

and comprises 33-50 % of global NPP annually (Nadelhoffer and Raich 1992; Vogt et al. 1995; 

Jackson et al. 1997). However, our understanding of environmental control of fine root 

dynamics is incomplete. Knowledge of fine root dynamics responses to environmental change, 

such as drought, is becoming increasingly important, since a decrease in water availability 

across most of the southeastern U.S. is predicted by current climate projections (Melillo et al. 

2014). The effects of drought on forest fine root dynamics are not well understood. Even less 

is known regarding how reduced soil water availability may interact with nutrient availability. 

Thus, how belowground productivity changes in response to novel climate and management 

scenarios, and a deeper understanding of the interaction between drought and forest 

management actions (e.g. fertilization) is urgently needed (Chapter 3). 

2.2.Methods to determine soil carbon balance 

Soil C studies are a challenge because of the “invisibility” of belowground structures, 

organisms, and processes. Unlike aboveground studies, remote sensing techniques do not 

penetrate beyond soil surface, making remote sensing measurements of belowground C cycling 

over large areas impossible (van Hees et al. 2005). Eddy covariance techniques, soil gas-

exchange with closed dynamics chambers (Licor-6400 and 8100), and soil inventory 

measurements (sequential coring, minirhizotrons, ingrowth-core) have been used to investigate 

the soil C balance. Two methodologies were employee in this study: the TBCF mass balance 

approach and RH: detritus production ratio. 
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2.2.1. TBCF Mass balance approach 

Soil C balance can be assessed by the TBCF mass balance approach (Raich and Nadelhoffer 

1989; Nadelhoffer et al. 1998; Giardina and Ryan 2002), and the ratio of heterotrophic 

respiration to total detritus production (Noormets et al. 2012; Noormets et al. 2015).  

The TBCF mass balance model infers TBCF from changes in belowground C storage 

(ΔCS+ΔCR+ΔCL) and measurable inputs (aboveground litterfall, FA) and outputs (soil CO2 

efflux, FS, and leaching, FE) over a defined time period (Δt) (Equation 1, Figure 2).  

∆
[𝐶𝑆+𝐶𝑅+𝐶𝐿]

∆𝑡
= 𝑇𝐵𝐶𝐹 + 𝐹𝐴 − 𝐹𝑆 − 𝐹𝐸                                  Equation 1 

 

2.3.RH/Detritus production ratio 

The ratio of RH to total detritus production (FA+ fine root mortality (FR)) represents the balance 

between soil C output and input (Equation 2, Figure 3).  Forest soil is a C source when the ratio 

is greater than 1, and a C sink when the ratio less than 1.  

𝑠𝑜𝑖𝑙 𝐶 𝑜𝑢𝑡𝑝𝑢𝑡

𝑠𝑜𝑖𝑙 𝐶 𝑖𝑛𝑝𝑢𝑡
=

𝑅𝐻

𝐹𝐴+𝐹𝑅
                                                Equation 2 

3. Study sites 

The dissertation research was conducted at multiple sites in the southeastern U.S.  The site of 

Chapter 2 is located at Bladen Lakes, North Carolina, in a 6-year-old fertilized loblolly 

plantation planted at 1852 trees per hectare. The study site was located the Coastal Plain of 

North Carolina at Bladen Lakes State Forest (latitude 34.8273 N, longitude 78.6076 W), at an 

elevation of 40 m above mean sea level.  The soils at the site are somewhat poorly to poorly 
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drained Ultisols mapped as the Rains series (Fine sandy loam, siliceous, semiactive, thermic 

Typic Paleaquults). During the one-year measurement period, average monthly temperature 

ranged from 4 °C (Feb 2015) to 27.9 °C (July 2015) with a monthly average of daily maximum 

temperature of 32.5 °C (June 2015) and daily minimum temperature of -3.2 °C (Feb 2015). 

Total precipitation was 1254 mm. 

Chapter 3 was conducted at three sites which are part of the PINEMAP Tier III throughfall 

exclusion and fertilization manipulation sites (Will et al., 2015, Pinemap.org). The three sites 

are located at Taliaferro Co., Georgia (GA, 33.62639 °N, 82.79833°W), Buckingham Co., 

Virginia (VA, 37.443463°N, 78.663925°W) and McCurtain Co., Oklahoma (OK, 

34.031025°N, 94.821708°W), all with the identical treatments of fertilization × throughfall 

exclusion.  Loblolly pine had been planted at the sites in 2006, 2003, and 2008, respectively, 

and the study was conducted at tree ages of 9, 12, and 8 years. At the three sites, soil texture 

was Spears mountain silt loam, Lloyd gravelly loam, and Ruston fine sandy loam in VA, GA, 

and OK, respectively.  Mean annual precipitation and temperature was 1120, 1220, 1300 mm, 

13.6, 16.1, 16.6°C in VA, GA, and OK respectively. 

4. Dissertation objectives and framework 

The major objective of this study was to evaluate the effects of forest management (e.g. 

genotype selection) and environmental factors (nutrients, water) on soil C dynamics in loblolly 

pine plantations. The following research questions were addressed: 

1) Does the broad crown ideotype have greater soil respiration and greater fine root 

production and turnover (greater TBCF) compared to genotypes with a narrow 

crown ideotype? 
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2) Does drought affect fine root dynamics and soil C balance? How will fertilization 

affect it? How do these effects interact and vary across sites? 

3) How do abiotic and biotic factors affect fine root dynamics? How do fine root 

necromass and mortality vary across site and by species? What future studies are 

needed to better understand fine root dynamics? 

Chapter 2 looks at belowground C allocation in four contrasting ideotypes (narrow vs. broad 

crown) of intensively managed loblolly pine in the coastal plain of North Carolina, USA. The 

study evaluated genetic effects on total belowground C flux (TBCF) by quantifying soil 

respiration, litterfall, changes of C in mineral soil, forest floor and fine roots in the sixth year 

of growth.   

Chapter 3 examines how fine root biomass and mortality differ spatially and temporally with 

respect to fertilization and throughfall exclusion (30% throughfall removal) treatments for 

loblolly pine (Pinus taeda L.) plantations. The study estimated fine root mortality by three 

methods (fine root decrement, decision matrix, compartment flow).  I also analyzed the ratio 

of heterotrophic respiration (Rh) to detritus production (litterfall + fine root mortality). 

Chapter 4 did a comprehensive literature review on fine root necromass and mortality.  In this 

synthesis, a dataset of 84 studies on fine root mortality was compiled to summarize the 

characteristics of fine root mortality studies over the past 40 years, evaluating variation across 

climate zones, wood types, sampling methods, and explored relationships with environmental 

factors (temperature, precipitation, geographic location). Effects of fertilization, drought, and 

elevated CO2 were also examined. 
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Chapter 5 synthesizes all three data chapters to answer the three posed questions. Finally, I 

discuss the implications for future studies of soil C dynamics and belowground C balance.  
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FIGURES 

 

Figure 1-1 Conceptual diagram of forest C cycle. Soil organic carbon pool consists of forest 

floor litter and belowground litter (red). Three pathways for C entering soil C pool: litterfall, 

fine root turnover, and root exudation (Green et al.). Three main pathways for C leaving soil 

pool: heterotrophic respiration, autotrophic respiration, and leaching/erosion (Orange).  
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Figure 1-2. Conceptual diagram of TBCF model. There are 2 pathways of C input into soil 

(TBCF and Litterfall), and 2 pathways of C release back to atmosphere (Soil CO2 and CH4 

efflux). 

  



 

17 

 

 

 

Figure 1-3. Conceptual diagram of the ratio of heterotrophic respiration to total detritus 

production. Dash lines represent C input, solid lines represent C output. The values of annual 

litterfall and fine root mortality are based on the estimates from Chapter 4. 
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CHAPTER 2. TOTAL BELOW GROUND CARBON FLUX IN FOUR LOBLOLLY 

PINE (Pinus taeda L.) GENOTYPES ON THE NORTH CAROLINA COASTAL PLAIN  
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ABSTRACT 

The productivity of loblolly pine (Pinus taeda L.), the predominant timber species in the 

southeast U.S., has increased over 5-fold over the past seven decades, owing to both 

silvicultural practices and genetic improvement. This silvicultural system may offer significant 

regional climate mitigation potential due to high carbon (C) uptake and storage. However, with 

regular harvest of the aboveground biomass, long-term on-site C sequestration depends on the 

response of belowground C accumulation to intensive management, which is poorly 

understood. Some recent studies suggest that intensive management practices may result in a 

net soil C loss. In the current study, I look at the belowground C allocation in four ideotypically 

contrasting genotypes (narrow vs. broad crown) of intensively managed loblolly pine in coastal 

plain North Carolina, USA. I estimated genetic effects on total belowground C flux (TBCF) 

by quantifying soil respiration, litterfall, changes of C in mineral soil, forest floor and fine roots 

in the sixth year of growth.  The broad crown ideotype had greater soil CO2 efflux than the 

other genotypes, but this did not translate to greater TBCF. Although clonal differences in 

other fluxes were not statistically significant, they added up such that the TBCF of the broad 

crown ideotype was similar to other genotypes, whereas that of C2 was slightly lower than 

others. Mean annual TBCF was 708.4 ± 41.0 g C m-2 year-1. Although the clonal mean TBCF 

differed by 25%, it would have taken over 200 samples to identify this as significant at α=0.05 

level. Due to an interaction between physiographic setting and management, the largest 

uncertainty in TBCF estimates remains with quantifying the soil C pool. The >300% spatial 

variability observed in the current study necessitates a sample size on the order of 1000, which 

is out of reach for even the best funded C cycle study, indicating that special consideration 

must be given to experimental design when investigating management effects on  
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soil C in lower coastal plain settings. Clonal differences, however, may be real and significant, 

and quantifying them should be within reach with careful experimental design and sufficient 

samples size.  
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1. Introduction 

Loblolly pine (Pinus taeda L.) is the most commercially valuable forest species in the southern 

US. (Baker and Balmer 1983). The productivity of loblolly pine management has increased 

greatly through silviculture and genetic improvement. The combination of silvicultural 

practices (fertilization, competition control, site preparation, and planting) and genetic 

improvement has increased aboveground productivity over 5-fold since the first commercial 

plantation in the 1940s  (Fox et al. 2007), but effects on belowground C are poorly understood. 

On the one hand, belowground productivity increases roughly proportionally to that 

aboveground (King et al. 1999), but the disturbances associated with the increasing harvest 

frequency and site management practices may stimulate soil C loss (Noormets et al. 2015). 

The balance of these counteracting processes affects long-term C sequestration in the soil, 

understanding of which could facilitate the use of intensively managed forests for mitigation 

of global climate change.  

Based on the premise that optimal leaf display that maximizes photosynthetic C uptake may 

also increase biomass production, forest industry and tree breeders are exploring the growth 

patterns of phenotypically contrasting genotypes, referred to as ideotypes (Martin et al. 2001). 

The concept of a crown ideoptype in forest trees was developed by (Dickmann 1985). An 

ideotype is tree with a consistent set of properties or characteristics that will tend to respond to 

management practices in a uniform and consistent manner. In forestry, the ideotype is usually 

defined by the crown characteristics and includes properties such as branch size, branch angle, 

number of branches and tendency to self-prune (Martin et al. 2001). Trees with a “crop 

ideotype” tend to have narrow crowns and small branches and grow well without excessively 
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competing for site resources with other similar trees. In contrast, the “competition ideotype” 

has a large crown and aggressively expands its crown to exploit site resources to the detriment 

of its neighbors. If clones can be classified into a limited number of crown ideotypes, it might 

be possible to evaluate the C allocation patterns of different crown ideotypes. It might then be 

possible to predict C sequestration ability of newly developed clones with minimal additional 

empirical testing. However, in at least some situations, little correlation between leaf-level 

photosynthesis, stem growth, and crown ideotype has been found (Albaugh, unpublished).  

Such a response could potentially be explained if the ideotypes had (i) contrasting belowground 

allocation patterns, or (ii) contrasting respiratory C losses. Clearly, these two scenarios have 

very different implications for C sequestration, and different desirability from a climate 

mitigation perspective. Thus, the study of belowground C fluxes in intensively managed pine 

is urgently needed.  

Teasing apart potential pathways of assimilated C belowground is not easy, and relies on 

several assumptions. As a major component of C allocated belowground, net production of 

fine roots has been studied the most, using sequential coring (Albaugh et al. 1998; Matamala 

and Schlesinger 2000), in-growth cores (Caldwell and Virginia 1991), or minirhizotrons (King 

et al. 2002) (Steele et al. 1997). All methods require assumptions that are not easily tested or 

have statistical problems, and there may be disagreement between them (Caldwell and Virginia 

2000). In addition to uncertainties in estimating fine root production, lack of estimates for other 

belowground components (e.g. root respiration and exudation, microbial dynamics) adds 

further uncertainty in quantifying total belowground C flux (Hendrick and Pregitzer 1993; 

Hanson et al. 2000). However, using a “mass balance” approach, which was  first proposed by 

(Raich and Nadelhoffer 1989) and improved by adding additional terms (Nadelhoffer et al. 
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1998) to quantify total belowground C flux (TBCF), it may be possible to detect differences in 

TBCF between different genotypes.  

The mass balance model describes the change in belowground C storage over a defined time 

period. It is determined by the balance of inputs (aboveground litterfall (FA), and TBCF) and 

outputs (soil CO2 efflux (FS), leaching, erosion, or CH4 efflux (FE)). TBCF can be estimated 

by solving for known terms of the model (Equation 1). FS, the largest measurable component 

in the TBCF mass balance model, is a major component of terrestrial C cycles and may 

contribute to the rise in atmospheric CO2 (Schlesinger and Andrews 2000).  The most 

influential factors affecting FS are soil temperature, soil water content, stand age, and 

measurement position (Davidson et al, 1998; Han et al, 2007Davidson et al. 1998). FS is 

usually modeled as a function of soil temperature, whereas its  relationship with soil water 

content is more variable, and is usually not considered in upscaling (Pypker and Fredeen 2003). 

FS is also highly variable in space, affected by proximity to plants and other factors that regulate 

substrate availability for respiration. (Wiseman and Seiler 2004; Gough et al. 2005). A 

sustained difference of FS  among different genotypes of loblolly pine has been reported and 

was hypothesized to be due to differences in belowground C allocation (Tyree et al. 2014) and 

fine-root mortality (Pritchard et al. 2010).  

TBCF is thought to be a large fraction of gross primary production (GPP) (32 -64 %) (Ryan et 

al. 1994).  Allocation of C belowground often equals or exceeds aboveground litterfall C and 

aboveground respiration in forest ecosystems, making it the most important fraction for gross 

primary productivity (Janssens et al. 2001). TBCF can be influenced by silvicultural practices. 

It has been found to be significantly lower for fertilized compared to unfertilized plantations 
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(Haynes and Gower 1995) . Genotype effects on TBCF of a poplar plantation were also 

reported (Lojewski et al. 2012), although few field studies have looked at differences in TBCF 

among loblolly pine genotypes. 

As loblolly pine is the major timber species in the southeastern U.S., and is increasingly viewed 

as a means to mitigate climate change (Will et al. 2015), the current study was set up to evaluate 

the variability in TBCF between contrasting pine ideotypes currently considered for broad-

scale deployment. I hypothesized that the broad crown ideotype would have a more extensive 

root system, and possibly higher fine root biomass and  FS, and thus greater TBCF, as suggested 

by earlier studies (Tyree et al. 2006; Pritchard et al. 2010). 

 

2. Materials and Methods 

Study site 

This study was conducted at Bladen Lakes, North Carolina, in a 6-year-old fertilized loblolly 

plantation planted at 1852 trees per hectare. The study site was located on the coastal plain of 

North Carolina at Bladen Lake State Forest (latitude 34.8273 N, longitude 78.6076 W), at an 

elevation of 40 m above mean sea level. The Coastal Plain sources of loblolly pine included in 

the study were planted in 2009, and are considered well adapted to the climatic conditions. The 

12 experimental plots measured in the current study were spread uniformly across the 

approximately 21-hectare experimental site. The soils at the site are somewhat poorly to poorly 

drained Ultisols mapped as the Rains series (Fine sandy loam, siliceous, semiactive, thermic 

Typic Paleaquults). During the one-year measurement period, average monthly temperature 
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ranged from 4 °C (Feb 2015) to 27.9 °C (July 2015), with a monthly average of daily maximum 

temperature of 32.5 °C (June 2015) and daily minimum temperature of -3.2 °C (Feb 2015). 

Total precipitation was 1254 mm. 

The experimental design was a split-split plot with 3 replications. Each individual plot included 

81 trees in a 9 x 9 planting configuration, spaced at 3.66 m x 1.48 m. Each plot included four 

genotypes of varying ideotypes (Table 1). The ideotypes exhibited significant differences of 

diameter at breast height (DBH) and height.  C4 (broad crown) and OP (open pollinated) had 

greater crown volume, and C2 that had a moderate crown was shown to allocate more C to 

stem growth. During August and September, 2014, mechanical weed control was applied. The 

four genotype entries span a wide range of loblolly genetic material and size. The average tree 

heights in year 6 were 7.74±0.17, 8.18±0.12, 7.71±0.25, and 7.42±0.38 meters for C1, C2, C4 

and OP, respectively. Average DBH was 12.0±0.5, 12.9±0.2, 11.4±0.3, and 12.1±0.3 

centimeters for C1, C2, C4, and OP, respectively. Crown volumes were 14.78±1.99, 

12.59±1.27, 16.44±1.89, and 18.09±1.04 cubic meters for C1, C2, C4 and OP, respectively. 

Overall, C2 had the greatest height and DBH, and lower crown volume, than the other 

genotypes. Peak LAI was 3.68±0.35, 3.44±0.26, 3.11±0.42, 3.11±0.48 of C1, C2, C4 and OP, 

respectively.  

Total belowground C allocation (TBCF) 

The TBCF mass balance model (Raich and Nadelhoffer 1989; Giardina and Ryan 2002)  has 

been successfully used in estimating belowground C flux in contrasting system (Haynes and 

Gower 1995; Smith and Resh 1999). It can be expressed as: 
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                             ∆
[𝐶𝑆+𝐶𝑅+𝐶𝐿]

∆𝑡
= 𝑇𝐵𝐶𝐹 + 𝐹𝐴 − 𝐹𝑆 − 𝐹𝐸                                                 Equation.1 

where TBCF is the total C flux that supports the production and maintenance of plant and soil 

heterotroph biomass, including carbohydrates used for mycorrhizae and exudates. CS is the C 

content of mineral soil, CR is the C content of root (coarse and fine) biomass, CL is the C 

content of the litter layer. FS is the CO2 efflux or soil respiration, FE is the C export (erosion, 

leaching, or CH4 efflux), and FA is the aboveground litterfall (Giardina and Ryan 2002). 

In a mature forest or other steady-state ecosystems, the changes in the C pools are assumed to 

be in steady-state from year to year, and approximated generally by the difference between FS 

and FA. However, the current study was conducted in a 6-year old aggrading stand where the 

steady state assumption almost certainly would not hold. Similarly, I know it takes more than 

6 years for the litter layer to recover to a steady state after harvest and bedding operation 

(Noormets et al. 2012). In the current study, I estimated the change in coarse root biomass 

using allometric relationships for young loblolly pine (Albaugh et al. 1998). However, given 

the uncertainty in estimating these terms, I also conducted uncertainty analyses for each of the 

terms, varying them by +/- 10%. Finally, consistent with prior studies (Giardina and Ryan 

2002), I assumed that changes in the terms CS and FE were negligible at our site.  

Measuring components of the belowground C budget 

In order to quantify the annual TBCF, I measured the components of belowground C budget: 

FS, FA, CL and CS. FS was measured once a month from February, 2015, to January, 2016, with 

a LICOR-8100 Automated Soil Gas Flux System (Li-Cor Inc., Lincoln, Nebraska), with 20 cm 

diameter chamber.  
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Eight PVC collars were installed at each plot a month before beginning measurements. The 15 

cm tall collars were inserted 5 cm into the ground. Collars were installed at two positions: 

inter-row (between planting beds) and within-row (on the bed). The exact height of each collar 

was measured each time before soil CO2 efflux measurement, averaged from measurements at 

three positions on the same collar. FS was measured over 90 second intervals. Soil temperature 

(at 5 cm and 10 cm depth) and soil water content (at 12 cm depth) were measured 

simultaneously to FS. Soil temperature and water content were measured with a thermometer 

and soil water meter (Hydrosense I (Compbell Scientific Inc., Logan, Utah)), respectively. 

Soil samples were collected in January, 2015, and March, 2016, by auger at 3 depths: 0-15 cm, 

15-30 cm, and 30-45 cm. Mineral soil C and N were sampled using 4 subsamples from each 

plot. Two sampling positions were located between rows and within rows. All samples were 

oven-dried at 70 °C and ground to pass a 2-mm sieve. Two samples of forest floor litter from 

each plot were also collected by randomly positioning a wooden quadrat (0.25 m x 0.25 

m=0.0625 m2), oven dried, separated into leaves, twigs, bark and unidentified, weighed, and 

ground in a laboratory mill. Ash content was determined by combustion in a muffle furnace.  

C and N concentration was measured on a 2400 CNH elemental analyzer (PerkinElmer, MA).  

Aboveground litterfall was collected every month by 3 randomly positioned baskets (48 x 33 

cm= 0.1584 m2) in each plot. Litter was oven dried at 70 °C to constant mass and weighed. 

Because most of the litter was leaf material, I assumed a C content of 50% for total litter 

(Gower et al. 1997).  
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Because variation in soil texture across the experimental site was found during soil sampling, 

particle size analysis by the hydrometer method was performed at one random location within 

each plot to account for spatial variation in soil physical properties. 

Estimating coarse root biomass by allometric equations 

Changes in C content of coarse roots (>2 mm) biomass was estimated by allometric equation 

as following (Albaugh et al. 1998) :  

Coarse root weight = 𝑒log 𝐷𝐵𝐻×1.6876+3.0948×𝑒0.1659÷2 

tap root weight = 𝑒log 𝐷𝐵𝐻×2.0584+3.5502+𝑡𝑎𝑝𝑝𝑎𝑑𝑗×𝑒0.0974÷2 

where tappadj=0. 

Coarse roots in the allometric equation represent roots larger than 2 mm, excluding the large 

tap root. Tree-based root biomass (g tree-1) was converted to a ground area basis (g m-2) by 

multiplication with tree density (0.1852 trees m-2).  

Estimating fine root biomass  

I estimated fine root biomass using allometric relationships from a similar loblolly pine 

plantation 8 to 10-years of age at a nearby sandy soil site in North Carolina (Albaugh et al. 

1998). In that study, fine root biomass decreased 3.6% of stem wood biomass accumulation 

(15 g C m-2 year-1) due to fertilization, and for the control fine root biomass decreased 2.3% of 

stem wood biomass accumulation. The greatest increase of fine root biomass was in the 

irrigated treatment, 2.9% of stem wood biomass accumulation as a function of time (Albaugh 
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et al. 1998). For the current study, I assumed the annual change in C stored as fine roots was 

similarly proportional to stem wood biomass increment and remained consistent across 

genotypes.  Stem biomass gain in one year was estimated by DBH, height, and age using an  

allometric model (Gonzalez-Benecke et al. 2014) as: 

𝑆 = 𝑒1×𝑑𝑏ℎ𝑒2×𝐻𝑒3×𝐴𝐺𝐸𝑒4 

where S = above stump stem over bark biomass (kg), dbh = diameter outside-bark at 1.37 m 

height, H = total tree height (m), AGE = tree age (yrs.), and parameters e1 = 0.010244, e2 = 

1.874136, e3 = 1.448326, and e4 = -0.177850. 

Exponential dependence of respiration rate upon temperature 

The relationship of respiration and temperature can be expressed using a first-order exponential 

equation. The Q10 value is held constant with temperature for this model (Lloyd and Taylor 

1994; Fang and Moncrieff 2001): 

𝑅 = 𝐴𝑒𝐵𝑇 

where A and B are fitted parameters, R is soil respiration, and T is soil temperature. 

In the current study, FS was estimated with a Q10 model (Lloyd and Taylor 1994; Fang and 

Moncrieff 2001), which was fitted to the monthly measurements, and then applied to the 

continuously measured soil temperature data (Appendix iii).  
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Statistical Analysis 

Soil texture (clay, silt and sand content) differed significantly between the tree treatment blocks 

(Appendix iv). Block 2 had over 2-fold higher clay content than the other blocks, but there was 

no significant interaction with genotypes on soil clay content. To account for the significant 

difference in soil properties, and presumably in belowground C dynamics, I tested for block 

effects in all ANOVA analyses.  

The effect of genotype and measurement location on FS were estimated with repeated measures 

analysis of variance (PROC MIXED, SAS), with the inclusion of the fixed factors of genotype, 

measurement position, soil temperature at 5 cm depth, and log (soil water content at 12 cm 

depth). In addition, random variables were block, block*variety, block*variety*location, and 

sample (block*variety*location). The covariance matrix of the fixed-effect parameter 

estimates and denominator degrees of freedom for t and F tests were determined according to 

(Kenward and Roger 1997). The covariance structure was autoregressive. The SAS code is 

included in Appendix iv.  

Itested the genotype effect on mineral soil C and forest floor C/N using PROG GLM, SAS.  

3. Results 

3.1.Soil CO2 efflux  

The annual mean FS averaged across genotypes and time was 3.06 µmol m-2 s-1. Measurement 

position (inter-row, within-row) had a significant effect on FS (P=0.0003). FS was 

approximately 34% greater within the row relative to the inter-row (3.54 vs 2.64 µmol CO2 m-

2 s-1). The annual FS of the C4 genotype was about 25% higher than the other clones, but given 
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the variance of each estimate, only marginally statistically significant (P=0.097). Soil 

temperature and soil water content (log transformed) both had significant effects on FS 

(P<0.0001), as determined by repeated measures ANOVA. Soil temperature explained 58 %, 

57 %, 50 % and 44 % of the variation for the C1, C2, C4, and OP genotypes, respectively, but 

the difference between temperature sensitivities was not significant (P= 0.14).  

FS and Ta were positive correlated at 5 cm depth. The mean Q10 value of C1 (1.83 ± 0.06) was 

greater than C2 (1.60 ± 0.05), indicating C1 had greater sensitivity of FS to the changes of Ta, 

even though they are both moderate crown ideotypes (Figure 2 a.). At the same Ta, C4 always 

had greater FS (Appendix v.). The Fs within-row was on average greater than the inter-row at 

the same soil temperature. The Q10 of inter-row was slightly higher than within-row (Figure 2 

b.).  

Soil water content ranged from 1 to 58% over the one-year study. The soil water content 

(logarithm) alone explained 30% of the variation in FS. There was a statistically significant 

difference in soil water content between genotypes (P<0.0001). OP (16.5 ± 0.6 %) had greater 

mean soil water content than other genotypes (14.4 ± 0.6 %, 13.4 ± 0.6 %, and 14.1 ± 0.6 % 

for C1, C2, and C4, respectively). Soil water content was negatively correlated with soil 

temperature (Pearson correlation coefficients= -0.62). The variation of soil water content 

decreased as soil temperature increased.  

Annual CO2 efflux calculated from monthly measurements ranged from 1059 to 1364 g C m-2 

year-1, with consistently higher fluxes from C4 than the other genotypes (P=0.004) (Table 2).  
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3.2.Litterfall C (FA) 

Annual total litterfall (FA) was lower in OP relative to the other genotypes (386 ± 57 versus 

458 ± 61, 565 ± 39, and 562 ± 35 g C m-2 yr-1 of C1, C2, C4 respectively, P=0.08, n=3) 

(Appendix v). An ice-storm in February caused some crown damage, and despite differences 

in crown architecture and leaf area, was similar across genotypes.  

3.3.C accumulation in roots (∆𝐶𝑅) 

The one-year accumulation of C was 35.6±1.5 and 171.7±7.6 g C m-2 year-1 in coarse and tap 

roots, respectively (Table 3), with no significant statistical difference between genotypes.  

Fine root production decreased 27.5 ± 1.8 g C m-2 year-1 on average. The total changes of C 

stored in root biomass was therefore 179.8±8.4 g C m-2 year-1, on average.  

3.4.Mineral soil C pool change (∆𝐶𝑆) and nitrogen (N) content 

Soil C and N concentration was estimated at the start and end of the study (January, 2015 and 

March, 2016; Appendix vi).  Soil site-average C pool was 13324.4 ±694.3 g C m-2 down to 

0.45 m depth. About 55% of the C was concentrated in the top 15 cm of soil, with steadily 

declining stocks in deeper horizons (P<0.05). There was considerable variation between 

experimental blocks and genotypes, but none of the differences were statistically significant. 

A power analysis indicated that 15-fold greater samples size might be needed to test the clonal 

differences (208 per genotype at α=0.05 level). The changes in C concentration from the start 

to the end of the study differed in sign between clones, but had similar variance, indicating that 

the differences arose from true spatial heterogeneity, not merely low sample size and outlier 

effects. The resulting scaled-up estimates of annual change in soil C pool ranged from -
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903.0±1596.8 to 1512.6±1602.2 g C m-2 yr-1, but none were statistically different from zero. 

Furthermore, given the biological implausibility of such large changes over a single year, I 

considered any change in the soil C pool as negligible (e.g. not different from 0).  

Mean mineral soil C concentration was 2.22 (0.21), 2.06 (0.21), 1.82 (0.21), and 2.12 (0.23) % 

for C1, C2, C4, and OP, respectively (Table 4).  There were significant differences in mineral 

soil C and N between soil depths (P<0.05), with greater concentration of C and N closer to the 

soil surface (Figure 3). I found marginal differences in mineral soil C (P=0.07) and N (P=0.06) 

between measurement positions: mean N concentration of mineral soil was 0.09 ± 0.01 % in 

the inter-row and 0.08 ± 0.01 % within-rows. Mean C concentration of mineral soil was 2.25 

± 0.17 % in the inter-row and 1.86 ± 0.13 % within rows.  

3.5.Forest floor C (∆𝐶𝐿)  

Forest floor C concentration decreased (P<0.0001) consistently in all genotypes (P=0.38) 

during this one year measurement period (Table 5). Forest floor mass decreased from 366.6 g 

C m-2 in 2015 to 318.8 g C m-2 in 2016 (Table 5).  Forest floor N concentration increased from 

the time of first sampling (0.86 ± 0.02 %) to second sampling (0.96 ± 0.04 %) (P=0.03). C4 

had relatively lower forest floor N than other genotypes (P=0.009); the mean N concentration 

was 0.92 (0.04), 1.01 (0.03), 0.79 (0.03), and 0.93 (0.07) % for C1, C2, C4 and OP, respectively.  

3.6.Total below ground C flux (TBCF) 

Over the study period, mean annual TBCF was estimated to be 795.5 ± 48.2 g C m-2 year-1, 

with individual genotypes ranging (non-significantly) from 689.3±4.8 to 891.0±170.1 g C m-2 

year-1 (Figure 4). Clone 2 had marginally lower TBCF than the other clones (P=0.29). 
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4. Discussion 

Advanced pine breeding programs are working to develop ideotypes (genotypes with specific 

phenotypic patterns of biomass allocation) to enhance productivity and efficiency of 

intensively managed plantations. Although belowground allocation is an integral part of plant 

C use that interacts with resource availability and aboveground productivity, quantitative 

understanding of belowground C allocation and soil C dynamics in intensively managed pine 

is still very limited. Large scale deployment of such highly selected phenotypes may have 

consequences for ecosystem function. In the current study, Iexplored the relationship between 

crown ideotype and belowground C allocation using four contrasting genotypes. Ihypothesized 

that broad- compared to narrow-crown ideotypes would allocate more C belowground, 

presumably leading to greater soil C sequestration. In summary, the hypothesis of different 

ideotypes manifesting different patterns of belowground C allocation and soil C dynamics was 

supported in the current study. However, the commonly used assumption that FS can serve as 

a good proxy for TBCF did not appear to hold. Rather, small changes in other component 

fluxes modulated differences in FS, and the ranking of clones by TBCF differed from that by 

FS. Nevertheless, these differences appear modest, and require further testing for consistency 

among sites, and over time. In the current study, the magnitude of TBCF differences between 

the genotypes was only marginally significant. Furthermore, the assumption of root biomass 

and turnover mirroring crown architecture did not seem to be supported by the observations. 

4.1.Analysis of Errors and Assumptions 

In the current study, FE (loss of C through leaching, erosion, or CH4 efflux) was assumed 0. 

However, I did not have evidence that it was negligible. Erosion under a closed canopy is 
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minimal (Raich and Nadelhoffer 1989).  However, the canopy was not closed completely at 

age 6, so it was possible that rainfall could have caused the movement of organic material, 

especially forest floor litter.  

One of the OP plots experienced high tree mortality (Block 2). Standing water between beds 

was observed in the spring season. This could also explain the greater mean soil water content 

and lower annual FA of OP. The soil of OP plots had greater clay content, even if it was only 

marginally different from the other genotypes. It may still have caused error in the analysis of 

the genotype effect on TBCF.  

Potential sources of error in our estimate of ∆𝐶𝑆 were subsample- (e.g. within plot) and plot-

to-plot variability. I also have no information on ∆𝐶𝑆 below 0.45 m. However, the potential 

error in TBCF from assuming ∆𝐶𝑆 = 0 below 0.45 m is likely small because of low detritus 

inputs and soil C decomposition rate in deep soil (Torn et al. 1997; Bashkin and Binkley 1998).  

The ∆𝐶𝑅  was the largest accumulation in C storage at our site. I estimated ∆𝐶𝑅  using an 

allometric equation which was developed from another study of loblolly pine plantation at a 

nearby, similar site (Albaugh et al. 1998).  I selected this allometric equation because the same 

tree species was used, and age, soil type and weather were similar to my site. In addition, the 

allometric equation was developed specifically for fertilized pine and the sample size for 

developing the coarse root biomass allometric equation was larger than most reported in the 

literature.  I calculated fine root biomass using the stem wood biomass to fine root ratio from 

the same study of Albaugh et al. 1998, and the allometric equation of stem wood biomass for 

loblolly pine growing in southeastern U.S. (Gonzalez-Benecke et al. 2014). This stem wood 

biomass model is applicable to loblolly pine growing across a wide range of  geographical area, 



 

36 

age distribution, and stand characteristics. I also did sensitiviyty analysis of the stem wood 

biomass to fine root ratio and I found only minor effects (up to 10%)  of fine root biomass on 

TBCF estimates. However, the different genotypes may not share the same belowground 

allometric patterns, even though I used common equations to esimate belowground biomass. 

Thus, the ∆𝐶𝑅 esimated from a single allometric model could potentially have decreased any 

genotype differences.  

4.2.Components of the TBCF Budget 

I quantified the effect of changes in C storage in soil, forest floor and roots (∆[𝐶𝑆 + 𝐶𝑅 +

𝐶𝐿]/∆𝑡) on TBCF by comparing TBCF estimated with the full model in Equation 1 with TBCF 

estimated assuming zero change in C storage. Assuming ∆[𝐶𝑆 + 𝐶𝑅 + 𝐶𝐿]=0 yielded largest 

error in C1 (-14%). C4 had the lowest bias (0%) compared to C2 (-2%), and OP (-8%). The 

annual increase in root biomass (179.8 ± 8.4 g C m-2 year-1) was responsible for most of the 

increase in C storage. The C accumulation in roots and mineral soil was partially offset by the 

C loss in forest floor litter (-135.0 ± 29.0 g C m-2 year-1). Thus, including changes in C storage 

pools in the calculation of TBCF can reduce the bias in TBCF estimation.  

1.1.1 Soil CO2 efflux 

The largest component of the TBCF, FS, ranged from 0.55-8.74 µmol m-2 s-1 over the course 

of the year, and annual Fs (1156 ± 51 g C m-2 year-1) observed at our site was on the high end 

of the range reported for loblolly pine (Noormets et al. 2012). Soil surface CO2 efflux observed 

in a sandy soil with 11 year old loblolly pine in North Carolina was 0.5-6.0 µmol m-2 s-1 (Maier 

and Kress 2000). Fs ranged from 1.9-6.3 µmol m-2 s-1, and annual Fs ranged from 880-1070 g 
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C m-2 year-1 in a 7 year old loblolly pine plantation in South Carolina (loamy soil) (Samuelson 

et al. 2009). Annual Fs of 692 g C m-2 year-1 was reported for a 7 year old loblolly pine 

plantation at a sandy loam site in Florida (Lee and Jose 2003). I hypothesize that ample 

growing season precipitation and high water table, and highly productive clones of loblolly 

pine at our site, contributed to this pattern. The Fs within-row was greater than Fs inter-row, 

likely because of the greater rooting density near the trees.   

FS of the broad crown ideotype was significantly greater than others, possibly because C4 had 

greater fine root biomass and fine root mortality. In the study of Pritchard et al. 2010, two 

contrasting ideotypes with different C allocation patterns between stems and foliage, exhibited 

different fine root biomass and mortality. However, in my study C4 had low DBH and therefore 

the estimated root biomass was low compared to the other genotypes. Nevertheless, the 

genotypic differences and spatial variation at the site were consistent in time and space, with 

the C4 genotype having both the highest base respiration and a high temperature sensitivity 

(Figure 1 and 2). Fs was correlated with soil temperature at 5 cm (Pearson correlation 

coefficient= 0.69). Soil temperature was a significant influence on Fs, which explained almost 

half of the Fs variation. Soil water content explained 30% of the variation and correlated with 

Fs (Pearson correlation coefficient = -0.50).  Fs has been found to correlate significantly with 

temperature and precipitation (Raich and Potter 1995). In a separate study, Fs was shown to 

increase exponentially with temperature mainly due to the response of soil microbial 

communities to changing temperature (Karhu et al. 2014).  
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1.1.2 Soil and Forest Floor C 

No statistically significant annual change of C storage in mineral soil (∆𝐶𝑆) was detected in 

this study. This could have been because there was in fact no change in 𝐶𝑆, likely, given the 

short time span, or our study design was unable to detect a change in this large and variable C 

pool. Before planting, the site received site preparation typical of southern pine intensive 

management, that is disturbance associated with harvest of the previous stand followed by 

herbicide application, bedding of the soil (with consequent re-distribution of surface and soil 

organic material), and fertilization. Because this is a lower coastal plain (LCP) site where 

histic-mineral soils are common, I hypothesize that extreme heterogeneity caused by mixing 

of mineral and organic soil fractions during site preparation greatly increased the difficulty of 

detecting treatment effects on ∆𝐶𝑆. The soil sampling I did was consistent with common forest 

ecology practice. However, this methodology still failed to detect any differences of 𝐶𝑆, which 

has implications for the design of future studies.  A greater number of soil samples may be 

needed than is traditionally done or perhaps some form of stratified sampling is needed at LCP 

sites to account for the high soil organic C content and spatial distribution/disturbance.  

Further illustrating this point, measured 𝐶𝑆  was a large and extremely variable C pool 

compared to other-components, having a large influence on estimates of TBCF (19% on 

average).  The large variation within each genotype was unexpected. Although non-significant, 

I measured ∆𝐶𝑆 of – 810.0 (1524.0), 205.2 (1360.2), 1834.2 (2830.8), and -564.3 (1422.9) g C 

m-2 year-1 in C1, C2, C4, and OP plots, respectively, giving an average of 166.2 ± 596.5 g C 

m-2 year-1. In contrast, the rate of ∆𝐶𝑆 reported from other similar projects is small, 35g C m-2 

year-1, on average (Post and Kwon 2000). Soil sampling was performed by the same group of 
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people, decreasing chances of measurement bias. The most likely source of error is the high 

spatial variability in soil properties at the site. In the lower coastal plain plantations, harvest 

residue is typically raked or piled (resulting in significant soil disturbance), and the ground is 

then bedded to keep young seedling root systems above the high water table during winter. 

This site preparation mixes the surface organic material and underlying mineral soil, and can 

easily produce pockets of organic-rich and organic-poor soil that should be accounted for in 

sampling design. In addition, my assumption of uniform and unchanging soil bulk density may 

have been incorrect, and contributed to the estimates of large soil C change. However, the latter 

probably played a much smaller role than the spatial heterogeneity (Dr. Michael Vepraskas, 

personal communication). Finally, the spatial heterogeneity may have been affected by the 

variable amount of crown damage and mortality caused by an ice storm in the February, 2015. 

Based on visual assessment, C4 and OP may have experienced more crown damage than C1 

(Albaugh, unpublished). As a consequence, fine root turnover induced by crown damage may 

also have been a major source of C accumulation in mineral soil (Nadelhoffer 2004; Stoppe et 

al. 2015). There could potentially also have been fine root mortality caused by storm, 

contributing further to an accumulation of C in mineral soil. Therefore, in the current study 

due to these many contributing factors for which data were unavailable and the non-significant 

measured changes in soil C, it was more scientifically justifiable to make the more biologically 

plausible assumption of “no significant change” in this pool during the study period. For the 

purpose of comparing the TBCF of different genotypes, it is a reasonable assumption to make, 

and is unlikely to affect the ranking of the clones. Nevertheless, in future studies one would 

want to comprehensively sample the soil to fully account for the spatial variability. For the 

current study, I would have needed nearly 900 samples to detect a change given to the year-to-
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year differences and observed variance. In addition, taken together, these results suggest 

specific consideration be given to the design of soil sampling in future studies of forest C 

cycling at LCP sites. 

 Even though I measured large inputs of aboveground litter (492 g C m-2 year-1), forest floor C 

(∆𝐶𝐿) decreased (-135 ± 29 g C m-2 year-1). Changes in several factors including temperature, 

moisture, litter production, litter quality and changes of soil macro-fauna such as earthworms 

may contribute to the loss of C in forest floor litter (Cleve et al. 1995). As this stand was still 

young (age 7), forest floor organic matter may not yet have reached the steady state (Simmons 

et al. 1996; Noormets et al. 2012). The mean mass of C stored in the forest floor at this site 

was 429 and 319 g C m-2 of 2015 and 2016, respectively, which was lower than values (700-

4000 g C m-2) reported in other pine forest studies (Richter et al. 1999; Schlesinger and Lichter 

2001; Noormets et al. 2012). The forest floor C concentration also decreased (-12%). Thus the 

C/N ratio decreased, which suggests decreasing C content in forest floor may have been caused 

by rapid decomposition. In addition, the mean annual temperature in 2015 (18.07) was higher 

than 2014 (17.03). Early analyses of global warming effects on ecosystems predicted  loss of 

C in forest floor due to faster organic matter decay (Vogt et al. 1986). The expected reductions 

in forest floor could be offset by increased rates of litter input due to increased aboveground 

productivity, however, that was not observed in this study. 

1.1.3 Root biomass 

The change in root biomass (∆𝐶𝑅) represented the largest change in belowground C storage at 

our site (25% of TBCF). The annual change in root biomass (180 g C m-2 year-1) was greater 
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than the 133 g C m-2 year-1 in a 12-year-old loblolly pine plantations subjected to fertilization 

treatment (Maier et al. 2004).  

The calculated change in fine root biomass (-27 g m-2 year-1) was only 4% of the TBCF on 

average. I calculated fine root biomass in reference to the decreased stem wood biomass (3.6%) 

observed in a similar age loblolly pine plantation under fertilized treatment in a nearby sandy 

soil in North Carolina (Albaugh et al. 1998). At our site, the second fertilization was made in 

May, 2014. I hypothesize the fine root biomass decreased under increased nutrients availability. 

Due to the uncertainty of the change in fine root biomass C pool, a sensitivity analysis was 

performed: the C change in fine root biomass would be 10% of TBCF if fine root biomass 

decreased 8.6 % (-5 % of stem wood biomass). If fine root biomass actually increased 1.4% 

(+5 % of stem wood biomass), the C change in fine root biomass would be 2% of the TBCF. 

The annual changes in C storage in fine roots was therefore minor and had little effect on TBCF. 

The possible error from using allometric equations should be negligible due to this  minor 

change in fine root standing crop: average 4 g m-2 year-1 (130 g m-2 year-1 production, 126 g 

m-2 year-1 mortality) in ambient CO2 plot over a 6-year loblolly pine study (Pritchard et al. 

2008). This value was in the range of the sensitivity analysis (-66 to 11 g m-2 year-1). 

4.3.Differences of TBCF by ideotypes 

My hypothesis that the broad crown ideotype had greater TBCF was not supported by the data. 

The difference of TBCF between C4, OP and other genotypes was not statistically significant 

(Figure 5). Even though the broad crown ideotype, C4, had greater FS consistent with findings 

from Tyree et al. (2014), the difference in TBCF was reduced by FA and ∆𝐶𝐿.  C4 had greater 

FA and lost greater C in the forest floor pool. Because the calculated root biomass of C4 was 
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not greater than the other genotypes, it’s possible that the greater annual FA of C4 was due to 

the greater fine-root standing crop and fine-root turnover rate relative to the other genotypes 

(Pritchard et al. 2010; Tyree et al. 2014). Greater fine-root biomass would lead to increased 

autotrophic respiration (RA) assuming similar specific RA on a unit mass basis among different 

genotypes of loblolly pine (Tyree et al. 2008). The OP genotype, which had similar crown 

volume (18.09 ± 1.04 m3) to C4(16.44 ± 1.89 m3), also had similar TBCF, but, lower FS  than 

C4. 

The large variation in ∆𝐶𝑆 increased uncertainty in TBCF estimates. The sampling method was 

unable to detect a genotype effect on ∆𝐶𝑆. If the distinct change of 𝐶𝑆 for each genotype really 

happened, mean annual TBCF would have been 874.6 ± 41.0 g C m-2 year-1. C4 had the 

tendency of greatest TBCF and greatest mineral soil C accumulation compared to the other 

genotypes, with a mean TBCF greater than 1800 g C m-2 year-1 (Figure 5). However, the soil 

C accumulation might be temporary, mostly labile C, released as CO2 within a short time. 

Recent studies indicate that occurrence of extreme events, for instance storms, and the 

associated disturbances cause net losses in C stocks (Zeng et al. 2009; Reichstein et al. 2013). 

As the broad crown ideotype, C4 received larger canopy damage from the ice-storm. I 

hypothesize that both the increased litter fall and branche-breakage could have induced fine 

root mortality, leading to a tremendous change of C in the soil. The C loss in forest floor might 

be a source of C gain in mineral soil, indicating a high possibility of increased decomposition 

rate during this year. C1 had the tendency of lowest TBCF, FS, and ∆𝐶𝑆. As the moderate crown 

ideotype, the narrow crown shape kept the canopy damage from ice-storm the lowest, it had 
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the highest LAI measured at year 7.  The interaction of canopy damage due to extreme events 

and TBCF processes is deserving of targeted research focus. 

 

5. Conclusions 

In the current study, a broad crown loblolly pine ideotype had greater FS compared to two other 

clones with moderate crowns and an open pollinated genotype. However, I could detect no 

statistically significant effects on TBCF and FA, suggesting differences in belowground C 

allocation were unlikely. FS was greater closer to the tree stand.  

The annual C input to soil was over 1200 g C m-2 year-1 as FA and TBCF. No statistical 

significant change in C stored in mineral soil was observed. The C stored in forest floor 

declined 135 g C m-2 year-1 (19% of TBCF) during this study, suggesting most of the C input 

is quickly returned to the atmosphere as FS and was possibly related to weather conditions of 

the measurement year. Although statistically insignificant, large changes in genotype-specific 

C in mineral soil over time remain unexplained, but is probably related to high spatial 

variability in 𝐶𝑆 of this LCP site. This variability in 𝐶𝑆 has implications for quantification of 

TBCF and therefore requires special consideration in future studies as regards experimental 

design and sampling. Determining  ∆𝐶𝑅  (25% of TBCF) is important in estimating TBCF, 

especially the C changes in coarse root biomass. 

In future study of genotype effects on TBCF, greater number of genotypes with distinct crown 

morphology is needed in experimental design. Measuring ∆𝐶𝑆 may be difficult at lower coastal 

plain site, thus long term observation and sufficient sampling size may help with detecting ∆𝐶𝑆.  
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TABLES AND FIGURES 

Table 2-1 Genetic sources, family ID and crown ideotypes of the Bladen Lakes TBCF study 

in eastern NC. Color represents different genotypes marked in layout map (Appendix ii). 

Genotype Color Arborgen Family or Variety ID Crown 

Ideotype 

Open Pollinated (OP) White AG89S Broad + 

   Variety 1 (C1) Red PM212 Moderate + 

Variety 2 (C2) Yellow NQ26 Moderate - 

Variety 4 (C4) Green PT1056 Broad - 

 

 

Table 2-2. Annual FS with standard error by genotype. The superscript letter indicates 

statistically significant differences between genotypes. 

Genotype Annual Fs (g C m-2 year-1) 

C1 1059±51 B 

C2 1110±51 B 

C4 1364±83 A 

OP 1091±72 B 
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Table 2-3. Changes of C stored in root mass in one year (g C m-2 year-1). 

Genotypes Fine root Coarse root Tap root Total 

C1 -33.9±2.6A 39.4±2.2 A 189.7±12.5 A 195.3±12.0 A 

C2 -24.3±2.6 A 31.3±2.2 A 153.7±10.1 A 160.7±14.5 A 

C4 -27.5±3.9 A 33.2±2.9 A 157.8±14.1 A 163.6±15.1 A 

OP -24.2±3.0 A 38.5±3.3 A 185.5±17.7 A 199.8±18.8 A 
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Table 2-4. Mineral soil C concentration at two sampling times. 

Genotype C concentration (%) C stock (g C m-2) 

 2015 2016 Difference 2015 2016 Difference 

C1 2.40±0.37A 2.27±0.34A -0.13±0.24A 15532.2±2883.9A 14629.2±2970.3A -903.0±1596.8A 

C2 2.04±0.34A 2.07±0.35A 0.03±0.21A 13215.6±2919.8A 13420.8±3072.5A 205.2±1476.6A 

C4 1.78±0.39A 2.06±0.41A 0.28±0.44A 11288.4±2527.5A 12801.0±2901.5A 1512.6±1602.2A 

OP 1.82±0.42A 1.74±0.33A -0.08±0.22A 11815.2±3093.6A 11250.9±2659.6A -564.3±1497.6 A 

 

Table 2-5 Forest floor C, N concentration, and difference between two sampling times. 

Genotype C concentration (%) C pool (g C m-2) 

 2015 2016 Difference 2015 2016 Difference 

C1 45.75±0.45A 40.39±2.64A -6.74 ±3.99A 366.0±3.9 A 312.0±28.5A -53.9±31.9A 

C2 44.85±0.60A 42.72±1.47A -2.12 ±1.59A 358.8±4.5 A 341.8±11.6A -17.0±12.7A 

C4 46.95±0.18A 37.58±2.21A -9.38 ±1.30A 375.6±0.6 A 300.6±10.9A -75.0±10.4A 

OP 45.78±0.72A 40.10±2.58A -5.68 ±3.33A 366.2±6.9 A 320.8±20.0A -45.4±26.7A 
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Figure 2-1.  Cumulative FS among different loblolly pine genotypes measured during the sixth 

year following planting. Error bars represent ± one standard error of the mean. 
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Figure 2-2. (a). First order exponential relationship between soil CO2 efflux and soil 

temperature by genotypes. (b). First order exponential relationship between soil CO2 efflux and 

soil temperature by measurement position. Model is: y=a*exp (b*x). Black dots with 

regression line represent “within-row” (a=1.420, b=0.054, R2=0.51, Q10= 1.72), red dots with 

regression line represent “inter-row” (a=0.995, b=0.055, R2=0.54, Q10=1.73). 
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Figure 2-3. Mineral soil C concentration by genotype resulted from two times of sampling in 

2015 and 2016.  
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Figure 2-4. TBCF by genotype. TBCF was 742.1 ± 78.7, 689.3 ± 4.8, 891.0 ± 170.5, and 859.8 

± 45.2 g C m-2 year-1 for C1, C2, C4 and OP genotypes, respectively.  
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Figure 2-5. The components of TBCF budget by genotypes. (a). TBCF in the case of no ∆𝐶𝑆 

was detected. (b). TBCF calculated as if mean ∆𝐶𝑆 by genotypes was real. FS- Soil CO2 efflux 

C; FA-Litterfall C flux; CS-Mineral Soil C gain/loss; CL-forest floor litter C gain/loss; CR- 

coarse root C gain/loss.  
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CHAPTER 3. FERTILIZATION AND THROUGHFALL EXCLUSION 

IMPACTS ON BELOWGROUND CARBON BALANCE 
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ABSTRACT 

The productively of managed loblolly pine forest in the southeastern US has increased over 5-

fold over the past 50 years.  However, climate change may cause rainfall reduction and interact 

with fertilization, potentially affecting the soil carbon (C) balance. The flux of C through fine 

root mortality is a major component of C input belowground. In this study, I examined how 

fine root biomass and mortality differ spatially and temporally with respect to fertilization (224 

kg/ha N) and throughfall exclusion (30% throughfall removal) treatments for loblolly pine 

(Pinus taeda L.) plantations at three different locations. I estimated fine root mortality by three 

methods: fine root decrement, decision matrix, and compartment flow.  I also analyzed the 

ratio of heterotrophic respiration (RH) to total detritus production (litterfall + fine root 

mortality). Results show that: 1) fertilization decreased live fine root (LFR) biomass and 

increased live coarse root (LCR) biomass, and drought had no statistical significant effect on 

LFR biomass; (2) RH/detritus production ratio was 2.3 on average, indicating the soil of these 

young loblolly pine stands was possibly losing C, though the ratio could have been 

overestimated; (3) fertilization and drought had no statistically significant effect on fine root 

mortality, but decreased RH/detritus production ratio, and litterfall also decreased in plots with 

fertilization. This suggests that decreased C loss from soil was not due to decreased fine root 

mortality, but possibly a decreased decomposition rate under fertilization; (4) LFR biomass 

decreased during the fall season and differed between sites, with GA having greater LFR 

biomass; (5) Fine root mortality estimates calculated by different methods varied significantly, 

with the implication that large variance caused by the estimation method needs to be 

considered.  Overall, a future rainfall reduction driven by climate change may decrease C loss 
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from soil in loblolly pine forests in the southeastern US, which could be countered greater soil 

C due to fertilization. 
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1. INTRODUCTION 

Together with aboveground litterfall and the turnover of mycorrhizal hyphae, the flux of C 

through fine root production and mortality is a major component of C input belowground (Guo 

et al. 2005). However, our understanding of environmental control of C allocation and 

belowground dynamics is still incomplete. Knowledge of fine root dynamics responses to 

environmental change, such as drought, becomes increasingly important since a decrease in 

water availability across most of the southeastern U.S. is predicted by current climate 

projections (Melillo et al. 2014). An increase of the frequency and intensity of drought is 

predicted (Collins et al. 2013). Changes in fine root dynamics induced by drought may affect 

tree productivity and C sequestration. Negative impacts of drought on forest health, including 

productivity and mortality, have been documented.  Drought reduced the global terrestrial net 

primary production by 0.55 pentagrams C from 2000 through 2009 (Zhao and Running 2010). 

Studies of aboveground tree productivity response to drought have made significant progress 

in recent years (McDowell et al. 2008; Hamanishi and Campbell 2011). In contrast, the 

responses of belowground processes to drought remain unclear. Roots are difficult to study 

because they are not easily observed, and most methods are laborious, imprecise or plagued 

with artefacts (Brunner et al. 2015).  

Several methods have been developed to estimate fine root production and mortality, for 

example sequential soil coring, ingrowth cores, and minirhizotrons (Majdi et al. 2005). The 

roots are divided into groups in terms of morphology, size, nutrient concentration, functions, 

and decomposition mechanisms (Vogt et al. 1991; Silver and Miya 2001). Coarse roots 

(commonly referred to those >2 mm diameter), and fine roots (commonly < 2mm diameter). 

In loblolly pine, fine roots have been shown to have a seasonal phenology, with a high mortality 
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from late in the growing season through early dormant season (King et al. 2002; Pritchard et 

al. 2008). Fine root mortality during this period may represent a large proportion of the annual 

C input to soil.  

Drought effects on fine root biomass and turnover are still poorly characterized.  According to 

the optimal partitioning theory (McCarthy et al. 2007), the growth of fine roots should be 

enhanced in order to mitigate water limitation. Meanwhile, drought may have a large negative 

effect on stand growth. Loblolly pine in the Sandhills region of North Carolina exhibited 

reduced gross primary productivity and net C exchange in response to drought (Albaugh et al. 

2004). However, changes in fine root production in response to low soil water content remain 

uncertain. Some studies have reported increased root growth under water-stress (Sharp and 

Davies 1979). On the other hand, others have found decreased fine root biomass under drought, 

attributed to increased fine root mortality (Joslin and Wolfe 2003; Meier and Leuschner 2008), 

especially in the organic soil layer (Gaul et al. 2008). In yet other studies, greater fine root 

mortality under drought treatment was offset by greater production, resulting in unaltered total 

fine root biomass (Gaul et al. 2008). Thus, the effects of drought on forest fine root dynamics 

are not well understood. Even less is known regarding how reduced soil water availability may 

interact with nutrient availability to affect fine root mortality.  

Fertilization and competition control have become mainstays of commercial production 

forestry, as they offer the easiest way to significantly increase the growth rate of trees and the 

quality of produced timber (Fox et al. 2007).  Aboveground productivity of loblolly pine can 

respond by as much 30 m3 ha-1 year-1 to nutrient amendments, although the effect varies among 

sites based on soil type, site quality and stage of stand development. (Borders and Bailey 2001; 

Jokela et al. 2004).  However, the effect of fertilization on fine root production is less clear.  
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Some studies have reported decreased fine root production under increased nutrient availability 

(Vogt et al. 1990; Gower et al. 1992; Jourdan et al. 2008), likely because fine root production 

is thought to be inversely related to nutrient availability. Others have reported fertilization 

enhanced both fine root production as well as mortality, thereby increasing C input to soils 

(Tingey et al. 1997; King et al. 2002; Majdi and Andersson 2005).  

Loblolly pine is one of the most important commercial species across 11.7 million hectares in 

the southern U.S. (Sheffield 1983). The Pine Integrated Network: Education, Mitigation, and 

Adaptation Project (PINEMAP) was established in order to investigate climate change effects 

on loblolly pine productivity across the region. Within PINEMAP, my interest lies in how 

belowground productivity might change in response to novel climate conditions and 

management.  In particular, a deeper understanding of the interaction between drought and 

forest management (e.g. fertilization) is urgently needed. This knowledge will help develop 

management guidelines under future changing environmental conditions and rainfall patterns.   

The objective of the current study was to explore the interactive effects of drought and 

fertilization on fine root dynamics of loblolly pine, and to compare fine root biomass and 

mortality across diverse sites. An additional objective was to evaluate the C sequestration 

potential by quantifying the ratio of heterotrophic respiration (RH) to total detritus production 

(D) throughout the range of loblolly pine, and how it differs by soil water and nutrient 

availability. Results from aboveground PINEMAP studies indicate a positive but variable 

response to fertilization on stand volume increment and a negative effect of throughfall 

reduction (Will et al. 2015). In the current study, I hypothesized that increased nutrient 

availability in response to fertilization would decrease fine root biomass but increase coarse 

root biomass, similarly to increasing aboveground woody biomass. I also hypothesized that 
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fine root production and mortality would be greater under drought treatments, more so at 

ambient than elevated nutrient regime. Finally, I hypothesized a decreased ratio of RH to D 

under drought, indicating increased soil C sequestration.  

 

2. METHODS 

2.1.Study site 

The experiment was conducted at three sites which are part of the PINEMAP Tier III 

throughfall reduction and fertilization manipulation sites. A regional study was installed in 

three different locations to evaluate throughfall reduction and fertilization on loblolly pine 

plantation productivity and physiology, correlated to the variability of soils and climate. The 

three sites are located at Taliaferro Co., Georgia (GA), Buckingham Co., Virginia (VA) and 

McCurtain Co., Oklahoma (OK).  Loblolly pine was planted in 2006, 2003, and 2008 at the 

three sites, therefore this study was conducted at tree ages of 10, 12, and 8 years, respectively. 

Across the three sites, soil texture varied (Table 1). The annual precipitation and temperature 

was the lowest at VA site. The experimental design was throughfall reduction treatments 

factorially crossed with fertilization treatments to study responses to changes in water and 

nutrient availability. Treatments were established at each site in 2012 in a factorial design of 

throughfall reduction crossed with fertilization, with 4 replications. The fertilizer inputs were 

224 kg/ha N, 28 kg/ha P, 56 kg/ha K, and 1 kg/ha micronutrients in year 2012. The throughfall 

reduction treatment decreased throughfall by 30%, which is at the extreme end of predictions 

for precipitation and/or soil water content variation associated with climate change for the 

region (Change 2013). Throughfall reduction was achieved by troughs constructed below the 
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tree canopies 0.5 to 1.5 m above the soil surface. The 30% intercepted precipitation was moved 

off the plots.  

2.2.Soil carbon balance 

Changes in soil C pools can be detected by three main approaches: change in stocks (Bellamy 

et al. 2005), total belowground C flux (TBCF) (Raich and Nadelhoffer 1989; Giardina and 

Ryan 2002), and the ratio of heterotrophic losses to total detritus production (RH: D) (Noormets 

et al. 2012; Noormets et al. 2015). In the current study, I used the latter method based on its 

greater sensitivity to detect ongoing changes, and insensitivity to large inherent spatial soil C 

pool variability.  

The balance between soil C inputs and outputs was evaluated by the ratio of RH to total detritus 

production: 

𝐶 𝑜𝑢𝑡𝑝𝑢𝑡

𝐶 𝑖𝑛𝑝𝑢𝑡
=

𝑅𝐻

𝐹𝐴 + 𝑀 + 𝐵
 

where 𝑅𝐻  is heterotrophic respiration, 𝐹𝐴  is litterfall, 𝑀  is fine root mortality, and B is 

branchfall. Ratios greater than one indicates soil is losing C and ratios smaller than one 

indicates soil is gaining C over the measurement interval (Figure 1).  

2.3.Litterfall and RH 

Litterfall was collected monthly by 0.5 m2 frames in each treatment at three subsample 

locations. Dry weight of each litterfall sample was measured. The annual litterfall C flux was 

estimated by assuming litterfall was 50% C.  Soil respiration in a root-free environment was 

measured monthly using a closed system infrared gas analyzer (LI-8100, Licor Inc., Lincoln, 

NE) in each treatment at three subsample locations. Means were used to estimate plot-level 

RH. Annual RH was estimated by fitting an exponential model (Proc nlin in SAS) to the data 
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from root-exclusion collars (day>60), and then running those models on the continuous soil 

temperature data from all plots to estimate RH for every 30-min interval (Rosvel, unpublished 

data). 

2.4.Fine root biomass sampling 

To estimate fine root biomass, soil cores were collected with a 10 cm diameter stainless-steel 

corer at randomly selected locations within plots at two times for each of the sites. The first set 

of cores was collected late in the growing season (S1) to estimate the maximum annual fine 

root biomass in the soil volume to a depth of 30 cm. The second set of soil cores was collected 

in the dormant season (S2). Here I assumed that the two sets of cores sampled at two times had 

the same initial conditions.  Consequently, the patterns of fine root production, mortality, and 

decomposition are considered identical between sub-samples in each treatment of the same 

sets.  All soil core samples were frozen until biomass measurements could be made in the 

laboratory. Roots were handpicked carefully from the soil samples and classified into LFR (< 

2 mm diameter), dead fine root (DFR) (< 2 mm diameter), LCR (> 2 mm diameter), and dead 

coarse root (DCR) (> 2 mm diameter). All fine root samples were washed free of soil and 

separated into living and dead roots. The dead and live roots were identified by color and 

texture. Live roots were characterized as reddish brown in color with smooth surface texture, 

supple, mycorrhizae present sometime, with the stele succulent and white in color. Dead roots 

were characterized as black in color, rough/broken surface texture, brittle, stele was 

black/brownish and brittle or even absent (Vogt and Persson 1991). After root sorting, each 

root sub-sample was oven dried (70 °C) to constant mass and the corresponding dry weight 

recorded. In total, 288 samples were collected and processed from the three sites. Fine root 

biomass values were converted to a unit ground area (g biomass m-2).  
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2.5.Fine root mortality 

Fine root mortality was calculated from increments in LFR and DFR in the means from 

different sampling periods. Three computational methods were employed to calculate 

production and mortality of fine roots from the measured patterns of live and dead fine root 

biomass. Fine root mortality for the period August-December was 40% of the annual fine root 

mortality in a previous study (King et al., 2002).  In this study, I assumed the same seasonality 

of fine root mortality as King et al. (2002).  

Method 1: production was calculated as the sum of all observed increments in LFR biomass 

(Harris et al. 1977). Mortality was calculated as the sum of all decrements in LFR (L).  If the 

change of LFR (∆𝐿) < 0, set mortality to 0 (Joslin and Henderson 1987).  

 

Method 2: decision matrix and equations presented by (McClaugherty et al. 1982). Fine root 

production and mortality were calculated using a decision matrix (Table 2) as shown below  

(Gower et al. 1992). The fine root production in equation represents the net primary production 

of fine root biomass, so when LFR and DFR biomass both decrease, the fine root production 

is equal to 0.  

𝑃 = ∆𝐿 + ∆𝐷 

𝑀 = ∆𝐷 𝑜𝑟 (−∆𝐿) 

Where P is production, D is DFR,  ∆𝐷is the change of DFR, M is mortality. 

  

Method 3: Compartment flow method 

The compartment flow model estimates fine root production, mortality, and decomposition by 

integrating both biomass and decomposition information. It includes two compartments (live 
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and dead) and three flows (production, mortality and decomposition) (Santantonio and Grace 

1987). 

𝑀𝑗 = 𝑑𝑖+1 − 𝑑𝑖 + 𝐶𝑗 

Where C is decomposition, M is mortality, d is DFR. 

Transfer to: 

𝑀 = ∆𝐷 + 𝐶 

𝑀 = ∆𝐷 + 𝑘𝑑1 

Where ∆𝐷 is D2-D1, k is the decomposition rate, d1 is the DFR biomass at first sampling.  

Fertilization and irrigation did not show a significant effect on fine root decomposition rate in 

a study of nutrient and water availability effects on root decomposition conducted at a site with 

sandy soil in NC (King et al. 1997). The fine root (0-5 mm) decomposition rate of loblolly 

pine was 50% in one year. Also, site differences had little impact on decomposition rate (Chen 

et al. 2002).  In the current study, I assumed the decomposition rate was consistent across 

treatments and sites, and the sampling period of one year, so k of one month was set to 0.04. 

The number of months between the two samplings were 3, 3, and 4 at VA, GA, and OK sites, 

respectively. Thus, the k value was 0.12, 0.12, and 0.16 for VA, GA, and OK sites, 

respectively.  In the calculations, if the mortality <0 it was set equal to 0. 

Statistical Analysis 

The effect of treatment and study site on RH, ratio of RH to D were estimated by Proc Mixed 

in the SAS statistical software package (Cary, NC), with the inclusion of the fixed factors of 

drought, fertilization, site, drought * site, fertilization* site, drought * fertilization, and drought 

*fertilization*site. In addition, random variable is block. A significance level of 0.05 (the 

corresponding confidence level is 95%) was applied to all hypothesis tests.  
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3. RESULTS 

3.1.Carbon inputs 

3.1.1. Annual litterfall 

The average litterfall ranged from 175 to 285 g C m-2 yr-1, slightly lower in GA (211.9 ± 9.7 g 

C m-2 year-1) than in OK (270.9 ± 8.6 g C m-2 year-1) and VA (241.3 ± 6.0 g C m-2 year-1) 

(P<0.0001). The F and D treatments had significant effects on the annual litterfall, but the 

effects varied across sites (Appendix VI). The F treatment increased the litterfall (P<0.0001), 

and the D treatment decreased the litterfall, but this was significant only in GA and OK 

(P=0.01), but not in VA.  In VA, litterfall responded to F treatment only in the combined 

treatment plots (i.e. in throughfall reduction plots).  

 

3.1.2. Fine root mortality 

Changes of LFR biomass (ΔLF) and DFR biomass (ΔDF)  

The F treatment decreased LFR biomass (P=0.001) and increased live coarse root (LCR) 

biomass (Appendix I). The LFR biomass of elevated nutrients availability (146.8 ± 9.3 g m-2) 

was less than that of ambient nutrients availability (188.9 ± 11.2 g m-2). There were statistically 

significant effects of site and time on LF biomass (P<0.05). The LFR biomass was lower in 

the second sampling (155.3 ± 9.8 g m-2) than the first sampling (180.4 ± 10.9 g m-2) (Appendix 

I). 

The LFR biomass decreased -25.5±15.8 g m-2 during S1 to S2 on average. No statistically 

significant difference in change-over-time of LFR biomass across sites was observed (Figure 
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3). Changes of DFR biomass were different across sites (P<0.0001), in that greater DFR 

biomass increment (25.8 ± 10.0 g m-2) in GA site was found, whereas DFR biomass decreased 

-20.7 ± 7.2 and -30.8 ± 7.2 g m-2 in OK and VA, respectively. No statistically significant effects 

of drought or fertilization were found on the changes of LFR or DFR biomass (Figure 3). 

 

Annual fine root mortality 

Fertilization reduced fine root mortality from 77.6 ± 18.3 to 39.1 ± 10.0 g C m-2 year-1 but the 

difference was not statistically significant (P=0.2). The values of fine root mortality calculated 

by the three different methods were significantly different from one another (P=0.0004;  Figure 

4).  Annual fine root mortality calculated by the decision matrix method was 79.0 ± 13.5 g C 

m-2 year-1 averaged across the three sites, whereas the estimate by the compartment flow 

method was much lower at 15.2 ± 3.9 g C m-2 year-1.  Annual fine root mortality calculated by 

tree methods was not significantly different across sites at 35.4 ± 4.7, 52.6 ± 16.4, and 60.8 ± 

11.3 g C m-2 year-1 in GA, OK, and VA respectively. Drought treatment did not have a 

consistent effect on fine root mortality, failing to support the hypothesis that drought would 

increase fine root mortality.  

 

3.2.Carbon output 

3.2.1. Annual RH 

The were significant differences in RH across the study sites (P<0.0001), with lower fluxes of 

at GA (524.7 ± 37.2 g C m-2 year-1) than OK (749.0 ± 33.6 g C m-2 year-1) and VA (679.1 ± 



 

74 

37.4 g C m-2 year-1). Both D and F treatment effects were significant (p<0.05), and tended to 

decrease RH, and the joint FD treatment resulted in the greatest decrease (Figure 5).  

 

3.3.Soil C Balance-The ratio of RH: total detritus production 

RH: D ratios were all above unity in all treatments and sites, indicating that soil was losing 

more C than it gained through detritus inputs during this study. The soil C deficit was greater 

in OK and VA than in GA (2.7±0.5 vs 2.1±0.1). Both throughfall reduction and fertilization 

treatments tended to decrease the RH: D ratio, but the effect was significant only in the 

combined treatment. The slightly greater fertilization than drought effect resulted from the 

difference in litterfall.  

 The RH: D ratio estimates were not similar across different methods (2.6 ± 0.1. 2.3 ± 0.1, and 

2.1 ± 0.1 for compartment flow, LFR decrement, and decision matrix, respectively), although 

they all indicated a soil C deficit. Treatment effects were greatest when using the fine root 

mortality estimates from the compartment flow method. The other methods exhibited similar 

throughfall reduction effects across sites, but the fertilization effects were subdued compared 

to the compartment flow method. Thus, based on the compartment flow method, the main 

findings were as follows (Figure 6).  The ratio was decreased under reduced water availability 

(2.4 ± 0.1) (P=0.05) compared to ambient water availability (2.7 ± 0.2). However, the 

throughfall reduction effect was dissimilar across sites (P=0.005).  Throughfall reduction only 

significantly decreased the ratio at VA (3.3 ± 0.2 to 2.3 ± 0.2). The fertilization treatment had 

a significant effect on the ratio (P=0.003), as the ratio was decreased by fertilization (2.8 ± 0.2 

to 2.3 ± 0.1), indicating less C loss from soil under elevated nutrient availability.  

 



 

75 

For the ratio calculated by the other two methods, both throughfall reduction and fertilization 

had a tendency of decreasing the RH: D ratio, however the effect was not significant. For the 

decision matrix method, the ratio was 2.2 ± 0.1 and 1.9 ± 0.1 in ambient and elevated nutrients 

treatments, respectively, and was 2.1 ± 0.1 and 2.0 ± 0.2 in ambient and reduced throughfall, 

respectively. For the LFR biomass decrement method, the ratio was 2.4 ± 0.2 and 2.1 ± 0.1 in 

ambient and elevated nutrients, and 2.3 ± 0.1 and 2.2 ± 0.2 in ambient and reduced throughfall, 

respectively.  

4. DISCUSSION 

4.1.Total and fine root biomass 

The growing season total biomass estimates indicated a significant fertilizer effect on 

aboveground volume growth (P<0.01 at all sites), whereas throughfall reduction decreased 

volume growth in OK and GA (P=0.0001 and P=0.09, respectively), but not in VA (P=0.6) 

(Will et al. 2015). LAI increased by an average of 17% under fertilization, whereas throughfall 

reduction suppressed leaf level photosynthesis and stomatal conductance by 12% and 21%, 

respectively, at OK (Clark II 2013). These studies concluded that in the future increased 

frequency of drought may decrease pine plantation C sequestration.   

LFR biomass decreased under fertilization (P=0.001), which was consistent with other findings 

that elevated nutrient availability decreased fine root biomass and C allocation to fine roots,  

while increasing C allocation to woody tissues (Gower and Vitousek 1989; Ryan et al. 1996). 

In the current study, I found greater coarse root biomass in fertilized plots (826.4 ± 158.6 g m-

2) compared to ambient nutrients plots (462.0 ± 54.7 g m-2) (P=0.03) across sites. 

Statistically significant effects of site and time on LFR biomass were found (P=0.05). LFR 

biomass was less in the dormant season sampling (155.3 ± 9.8 g m-2)  than the late growing 
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season (180.4 ± 10.9 g m-2 ), indicating a decrement of LFR on account of significant fine root 

mortality during the fall (Hendrick and Pregitzer 1993; King et al. 2002). LFR biomass was 

greater at VA than OK and GA, which was probably due to a lower water table of mountain 

soil or older trees. Throughfall reduction increased LFR biomass only at VA. A possible reason 

could be that soil water content in GA and OK was relatively high, even after 30% throughfall 

reduction, which still sustained the water needs of the trees. Water appears to have been a 

limiting factor in VA, resulting in a significant throughfall reduction effect for that site. The 

average volumetric soil water content during the measurement interval was 25%, 38%, and 

28%, within the range of the 4-year average due to throughfall reduction at VA, GA, and OK, 

respectively.  This indicates a relatively lower soil water content in VA during the 

measurement interval compared to the other sites, which supports my hypothesis. However, 

Ward et al. (2015) found that throughfall reduction did not decrease tree volume growth at the 

VA site. A possible reason could be greater LFR biomass in response to throughfall reduction 

allowed trees to grow as well under ambient water availability.  

4.2.Fine root mortality 

This study did not detect any statistically significant effects of throughfall reduction and 

fertilization on fine root mortality. Throughfall reduction had no effect on annual fine root 

mortality, which fails to support my hypothesis that drought would increase fine root mortality. 

Abnormally wet years during this experiment may be a reason for this: the 30% rainfall 

reduction still provided enough water for tree growth. Other studies that showed increased fine 

root mortality under drought measured responses only a few weeks after treatments were 

implemented (Gaul et al. 2008), in contrast to the current study which made measurements 

after several years, allowing the forests to adjust to the soil water manipulation. My longer-
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term results suggest that pine plantations in the Southeastern US have some capacity to adapt 

the lower soil water availability than in the current climate. Fertilization had the tendency 

(P=0.2) of decreasing fine root mortality in support of my hypothesis. 

The fine root mortality value (49.6 ± 6.8 g m-2 year-1averaged across sites) calculated by the 

different methods were significantly different (P=0.0004). Fine root mortality was 54.5 ± 13.7, 

79.0 ± 13.4, and 15.2 ± 3.9 g m-2 year-1 for the LFR biomass decrement method, decision matrix 

method, and compartment flow method, respectively.  The different methods used different 

assumptions and conceptual underpinnings. The fine root decrement method underestimates 

fine root production because fine root decomposition is totally ignored (Hendrick and Pregitzer 

1993). The decision matrix method considers root decomposition, but did not measure it.  It 

assumes production and mortality to be constant between two successive sampling times, 

which may not be true, especially for young stands during the growing season (Yuan and Chen 

2013).  The compartment-flow method has been regarded as the most accurate method because 

it overcomes the problems of underestimation of production to which the biomass-only 

methods are subject (Publicover and Vogt 1993). However, in this study the fine root mortality 

estimates by the compartment-flow method were on average lower than the estimates by other 

two methods.  For the compartment flow method, calculating fine root mortality was mainly 

based on the change of DFR biomass and decomposition rate. In this study, I assumed fine root 

decomposition rate was a constant through the interval and consistent across plots under 

different treatments and sites. The GA site had the greatest DFR biomass increment.  Hence, 

GA had the greatest fine root mortality. In contrast, the change in DFR biomass in VA and OK 

was about 0, or even below 0, suggesting a near zero annual fine root mortality which was not 

make sense biologically. The somewhat lower fine root mortality estimates from this study 
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(49.6 ± 6.8 g m-2 year-1) compared to earlier reports (123 – 253 g m-2 year-1) (Joslin and 

Henderson 1987; Ruess et al. 1998; López et al. 2001; Han et al. 2016) may be attributable to 

the young age of the trees which had not yet reached canopy closure. It is also possible that the 

estimates based on two closely spaced sampling points may have underestimated true fine root 

dynamics, and that the assumed periods of peak mortality did not fully capture the annual fine 

root dynamics of these ecosystems. 

4.3.Fertilization and drought effects on soil C balance 

The environmental factors of nutrient and water availability had strong influence on the soil C 

balance in the current study. The treatments of fertilization and throughfall exclusion had effect 

on RH, litterfall, fine root mortality and on RH: D ratio, consequently (Table 3 and Figure 7). 

Across the sites and different calculation methods, the RH: D ratio ranged from 0.94-4.4 (2.29 

± 0.1 on average), indicating a distinct soil C deficit under both ambient and modified water 

and nutrient availabilities. However, given the uncertainty about belowground detritus 

production, as indicated by the high variance among the three fine root mortality estimates, it 

could be possible that an underestimate in detritus flux could artificially increase the RH: D 

ratio. To test this possibility, I evaluated the sensitivity of RH: D ratio to each of its components. 

By varying each of the input fluxes to RH: D ratio, it is possible to describe the relative 

contribution of the component fluxes. Given that RH and litterfall were an order of magnitude 

greater than fine root mortality, their greater impact on the RH: D ratio should not be a surprise. 

Varying these fluxes by ± 30% of their mean resulted in a roughly proportional response in 

RH: D ratio. In contrast, varying fine root mortality by the same amount resulted in only ± 2% 

change in RH: D ratio (Figure 8). Thus, any uncertainties in the fine root mortality estimation 

play a significantly lower role in the final soil C balance estimates than do errors or biases in 
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RH and litterfall estimates. Fortunately, litterfall can be quantified with much greater 

confidence, and RH estimates have been validated across site and against model estimates 

(Heim et al. 2015; Templeton et al. 2015).  

The throughfall reduction treatment decreased litterfall at GA and OK, but not at VA. The 

reason could be the different moisture conditions across sites. During the first three years of 

the experiment, the sites experienced relatively greater precipitation compared to the long-term 

mean. As mentioned, the 30 % throughfall reduction did not decrease tree volume growth in 

VA (Ward et al. 2015), indicating there was still adequate water for tree growth. 

It is interesting to note that detritus production did not correlate strongly with RH (RH=562.7 

+0.34×D, R2=0.01), as it has been reported that such a relationship can be expected (RH=253.49 

+0.61×D, R2=0.56) (Bond ‐ Lamberty et al. 2004). My findings suggest that detritus 

production and RH may not be tightly linked processes in young pine plantations. The balance 

between detritus input and RH was determined by environmental factors, for example, 

increased nutrient availability decreased RH and increased litterfall, resulting in decreased RH: 

D ratio.   

While neither the drought nor fertilization treatments decreased RH: D ratio significantly 

compared to the control, the additive effects resulted in a significant decrease (Figure 7). The 

decrease in the ratio could be attributed to the decrease in both RH and litterfall, with the latter 

apparently affecting the former. Under throughfall reduction, decreased litterfall might be a 

major reason for reduced RH. Under fertilization, where the litterfall decreased, the lower RH: 

D ratio could only be explained by a reduced decomposition rate of detritus. Both drought and 

fertilization are known to affect soil microbial processes. Zhang et al. (2013) found that lower 

decomposition under reduced precipitation was attributable to reduced activity of soil 
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nitrifying and denitrifying microorganisms. The overall suppression of microbial activity 

under fertilizer amendments has been known for decades (Söderström et al. 1983; Hobbie 

2008; Zang et al. 2016).  

Thus, while soil C pools appear increasingly vulnerable (Figure 6; Bellamy et al. 2005; 

Noormets et al. 2015), both increasing likelihood of drought and nutrient amendments are 

expected to reduce the soil C deficit. These effects would work against the presumed continued 

increase in soil C mineralization driven by increasing global temperature (Bond-Lamberty and 

Thomson 2010). This suggests that addition of soil nutrients could stimulate ecosystem C 

sequestration in forest ecosystems as a result of reduced rates of soil organic matter 

decomposition. 

4.4.Analysis of errors and assumptions 

The high variability of fine root mortality estimates might partly be explained by constraints 

of methodology. In the sequential coring method, it assumed fine root production and mortality 

are constant during the sampling interval. However, fine root turnover is dynamic making it 

impossible for fine root to keep a constant mortality rate through two to four months. Fine 

roots are also highly variable spatially (Makkonen and Helmisaari 1999). Hence, the fine root 

mortality during the late summer to dormant season may not be well captured only by two soil 

sampling dates, and 12 soil samples per treatment, as I did not detect any significant effects of 

drought and fertilization on LFR decrement and fine root mortality. The result of a power 

analysis (power=0.8) showed that over 10000 samples would be needed to detect fine root 

mortality differences between treatments. Thus, a greater sample size and more frequent 

sampling is needed to detect differences of fine root mortality between treatments in the 

context of large variation. Further, there was no significant change of LFR biomass during the 
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sampling interval at GA in contrast to the other two sites. The dormant season soil samples for 

VA and GA were both collected in November. However, GA (16.1 °C) had greater average 

temperature than VA (13.6 °C), so November may still have been the growing season for 

loblolly pine at GA and a great fine root mortality event may not have happened before then.  

 

Each of the three fine root mortality calculation methods has its own uncertainties. First of all, 

estimating annual mortality from two sampling times relies on the assumption that (i) the 

sampling times bracket the period of peak mortality, (ii) the fraction of mortality is the same 

as reported by King et al. (2002), and were unaffected by the drought and fertilization 

treatments. The last assumption, in particular, could be easily contested (Eissenstat et al. 2000; 

Green et al. 2005). In addition, the omission of the occurrence of simultaneous fine root 

production and decomposition in the fine root decrement and decision matrix methods may 

potentially underestimate mortality. On the other hand, it has also been argued that the 

estimation of productivity and mortality used in the compartment flow method may actually 

overestimate these processes by erroneously attributing between-sample variation 

(McClaugherty et al. 1982; Fairley and Alexander 1985; Lauenroth et al. 1986; Vogt et al. 

1986). All methods did not reflect the decomposition dynamics and ignored the variation of 

lifespan between different roots (Fan and Guo 2010; Li and Lange 2015). Although these 

questions can fully be answered only by more intensive and frequent sampling (Yuan and Chen 

2013), the main conclusions of this study would likely not be affected as it would require more 

than 10-fold higher fine root mortality to make total litter production exceed RH (Figure 6 and 

7). 
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The biomass increment from S1 to S2 was - 43.3 ± 46.2, and -8.6 ± 5.9 g m-2 averaged across 

sites for LFR and DFR, respectively. Theoretically, DFR biomass should increase since a great 

mortality occurred. However, the DFR biomass decreased during this study, suggesting that 

DFR decomposition and herbivory exceeded mortality during this period. The compartment 

flow method was the only one that used decomposition rate and was able to be tested, since 

production is equal to increment of LFR and DFR biomass, plus the decomposition.  During 

the period from S1 to S2, both LFR and DFR decreased. The decomposed root biomass should 

at least be greater than the total of LFR and DFR biomass decrement, as production must be 

greater than 0: 

𝑀𝑗 = 𝑑𝑖+1 − 𝑑𝑖 + 𝐶𝑗 

𝑃𝑗 = 𝑙𝑖+1 − 𝑙𝑖 + 𝑀𝑗 

Transfer to 

𝑃𝑗 = 𝑙𝑖+1 − 𝑙𝑖 + 𝑑𝑖+1 − 𝑑𝑖 + 𝐶𝑗 

𝐶𝑗 = 𝑘𝑑1 

 if 𝑃𝑗 > 0 , 𝑡ℎ𝑒𝑛 𝐶𝑗 > −(𝑙𝑖+1 − 𝑙𝑖 + 𝑑𝑖+1 − 𝑑𝑖) 

where C is decomposition, M is mortality, P is production, j is a definite interval i to i+1, t is 

interval time, k is the decay coefficient, d is dead fine root mass, and l is LFR mass. 

Hence, the smallest decomposition rate during the interval would be 1.5 per month. If such a 

great decomposition rate were true, the fine root mortality was highly underestimated as I 

assumed decomposition was 0.05 per month. However, decomposition rate was a function of 

soil temperature and was in the range of 0.05-0.3 per month (Santantonio and Grace 1987; 

Hobbie et al. 2010). Thus, 1.5 per month decomposition rate is out of the range of empirical 

estimates and unlikely to be true. The unexpected large decrement of LFR and DFR together 
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observed in our study could be caused by the large variation of the fine root biomass, and 

belowground sampling uncertainty. For example, DFR includes both those roots that have died 

recently and those that have already decomposed to varying degrees. Thus, the reliability of 

classifying roots into living and dead categories and differentiating dead roots from the soil 

organic matter decreases with diminishing diameter and this may have introduced some errors. 

The DFR values could be underestimated due to the difficulties in separating tiny dead fine 

root particles from soil organic matter. Those failures especially in the S2 sampling time might 

have underestimated the dead fine root increment.  

Even though a longer interval between the two sampling times would increase the uncertainty 

of my fine root mortality estimates. The finding of large variation in fine root mortality across 

calculation methods has implications for the further study of fine root mortality. It would be 

difficult to compare and synthesize previous research on fine root mortality estimates 

employing different calculation methods. A more accurate and logically consistent calculation 

method is needed.  

5. CONCLUSION 

Fertilization decreased LFR biomass whereas drought had no significant effect. The 

RH/detritus production ratio was greater than 2, indicating that soil of young loblolly pine 

plantations was a C source to the atmosphere. However, this conclusion needs more support 

due to the high probability of underestimating fine root mortality, even though I applied three 

commonly used calculation methods. Fertilization and drought had no statistically significant 

effect on fine root mortality, but decreased RH/detritus production ratio, indicating lower C 

loss from soil was not due to decreased fine root mortality, but could have been due to a 

decrease decomposition rate, and possibly due to decreased litterfall under throughfall 
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reduction. Further study is needed to support this.  In the future, if rainfall declines across the 

region it could decrease C loss from soil in loblolly pine forests in the southeastern US, which 

may also sequester more C due to fertilization.   
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TABLES AND FIGURES 

 

Table 3-1. Soil, location, climate, and sampling information of three sites in this study. 

Site Soil 

series/texture 

Coordinates Mean annual 

Precipitation 

(mm) 

Mean annual 

Temperature 

(°C) 

1st set 

collected 

2nd set 

collected 

VA Spears 

mountain silt 

loam 

37.443463°N, 

78.663925°W 

1120 13.6 August 

2015 

November 

2015 

GA Lloyd 

gravelly 

loam 

33.62639 °N, 

82.79833°W 

1220 16.1 August 

2015 

November 

2015 

OK Ruston fine 

sandy loam 

34.031025°N, 

94.821708°W 

1300 16.6 September 

2015 

January 

2016 

 

 

Table 3-2.The decision matrix and equations for fine root mortality calculation. 

Changes in live and dead 

fine root mass 

Equation used to calculate 

production (P) ， mortality (M) 

and decomposition (C) 

Live(L)↑ 

Dead(D)↑ 
𝑃 = ∆𝐿 + ∆𝐷 

𝑀 = ∆𝐷 

𝐶 = 0 

Live(L)↑ 

Dead(D)↓ 
𝑃 = ∆𝐿 

𝑀 = ∆𝐿 

𝐶 = −∆𝐷 

Live(L)↓ 

Dead(D)↑ 
𝑃 = ∆𝐿 + ∆𝐷 

𝑀 = ∆𝐷 

𝐶 = 0 

Live(L)↓ 

Dead(D)↓ 
𝑃 = 0 

𝑀 = −∆𝐿 

𝐶 = ∆𝐷 
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Table 3-3. The effect of drought and fertilization on soil C balance components. 

Component Treatment Effect 

Rh Drought ↓(P=0.0003) 

Fertilization ↓(P=0.04) 

Litterfall Drought ↓(P=0.01) 

Fertilization ↑(P<0.0001) 

Fine root mortality Drought - 

Fertilization ↓(P=0.2) 

Rh/ (litterfall+ fine root 

mortality) 

Drought ↓(P=0.05) 

Fertilization ↓(P=0.003) 
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Figure 3-1.The conceptual model of the balance between C converted to soil organic matter 

through litterfall and fine root mortality, and C released back to atmosphere as CO2 by 

decomposition.   
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Figure 3-2. Annual litterfall in response to treatment of throughfall exclusion (D), 

fertilization(F), and FD (throughfall plus fertilization). C represents control plots. 
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Figure 3-3. Change in LFR (a) and DFR (b) biomass from the end of growing season (S1) to 

the start of winter dormancy (S2). The numeric values are reported in in Appendix II and III. 
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Figure 3-4. Annual fine root mortality in the interval between S1 and S2 calculated by (a) LFR 

biomass decrement method, (b) decision matrix method, and (c) compartment flow method by 

treatment and site. The numeric values of annual fine root mortality estimates were recorded 

in Appendix IV. 

  



 

100 

Site

GA OK VA ALL SITES

R
H
 (

g
 C

 m
-2

 y
r-1

)

0

200

400

600

800

1000

C

D

F

DF

A

CB

C

 

Figure 3-5. Annual heterotrophic respiration (RH) in response to treatment of throughfall 

exclusion (D), fertilization(F), and FD (throughfall plus fertilization). C represents control 

plots. The numeric values of annual RH estimates were recorded in Appendix V. 
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Figure 3-6. Rh/detritus production calculated by a. LFR biomass decrement method, b. decision 

matrix method, and c. compartment flow method by treatment and site. 
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Figure 3-7. Drought, fertilization effect on (a) litterfall, (b) fine root mortality (compartment 

flow method), (c) RH, which are components of (d) RH: D ratio (RH/ (litterfall+ fine root 

mortality)), as an estimate of soil C balance on an annual basis. 
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Figure 3-8. The sensitivity of ratio to the change of litterfall, fine root mortality and RH (-30% 

to 30%). 
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CHAPTER 4. THE DYNAMICS OF FINE ROOT MORTALITY IN FORESTS: 

IMPLICATIONS FOR MANAGEMENT IN A TIME OF ENVIRONMENTAL 

CHANGE 
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ABSTRACT 

Dead fine root is a major C flux to soils. Most of our understanding of fine root dynamics 

comes from studies of fine root productivity and turnover, whereas direct measurements of 

mortality are few. Here I review 84 studies, spanning the past 4 decades that report dead fine 

root biomass and mortality in forests.  I will explore the main environmental, biological and 

geographic sources of variability, as well as responses to experimental treatments of 

fertilization, drought, elevated CO2. Mean fine root necromass and mortality (< 2mm diameter) 

were 286±29g m-2 and 318±49 g m-2 yr-1, respectively, at 0-30 cm depth in forested ecosystems. 

The amount of fine root necromass is sensitive to climate zone and wood type. Fine root 

necromass and mortality both varied with latitude, temperature, precipitation, and age. 

Elevated CO2 and drought induced had significant effects on fine root necromass and mortality: 

greater fine root mortality and necromass under elevated CO2, increased fine root necromass 

under low water availability. Fine root mortality was strongly coupled to fine root production. 

The combined effect of these environmental factors suggests the greatest increasing in carbon 

inputs to the soil can be expected in dry nutrient-poor area, and those soil likely sequester more 

C under the elevated CO2 concentration due to global warming. 

 

1. INTRODUCTION 

Carbon (C) cycling is the continuous transformation of organic and inorganic C compounds 

by plants and micro- and macro-organisms between the soil, plants and the atmosphere. Soil 

organic C is comprised of various organic compounds derived largely from plant residues (e.g. 

root, litterfall) through decomposition processes.  
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Soil organic C, actively exchanged with the atmosphere, constitutes approximately two-thirds 

of the C in terrestrial ecosystems (Baes et al. 1977). The global soil organic C pool has been 

estimated to be ~1395 × 1015 g (Post et al. 1982). Forest ecosystems cover more than 4.1 × 109 

hectares of the Earth’ land area. The soil organic C pool of forest ecosystems was estimated to 

be over 764 × 1015 g globally (Dixon et al. 1994). Forest soils are therefore very important to 

global C cycling, with great potential of removing CO2 from the atmosphere (Lal 2004). 

However, how forest C cycling will be affected by global climate and land use change is 

uncertain. Further, to accommodate an increasing human demand for wood products and 

ecosystem services, it is crucial that forests are managed sustainably under the changing 

environmental conditions (Grumbine 1994). 

The dynamic processes of root production, mortality and turnover are components of fine root 

functionality whereby new roots are produced for resource uptake while older less efficient, 

non-functional roots senesce. Fine root production and turnover has been estimated to comprise 

33-50% of global NPP annually, and thus is an important pathway of C input into the soil 

(Nadelhoffer and Raich 1992; Vogt et al. 1995; Jackson et al. 1997). Any perturbation of the 

fine root system by stressors such drought should, therefore, not only influence tree vitality but 

might also affect C and nutrient cycling in the ecosystem.  In addition, roots supply C to 

microorganisms and soil organic matter (SOM) through root mortality.  Previous assessments 

have mostly focused on fine root production, while another important below-ground process, 

fine root mortality, is less well understood. In a study of loblolly pine under elevated CO2, fine 

root necromass showed greater seasonal variation than live fine root biomass (Matamala and 

Schlesinger 2000) and was difficult to quantify accurately. In general, the factors that influence 
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patterns of fine root mortality are poorly understood, which limits understanding of C inputs 

to soil belowground, and how changes in climate might influence forest C sequestration.  

In light of the difficulty of measuring fine root dynamics, three methods have been widely used 

to estimate fine root mortality: sequential soil coring, minirhizotrons, and in-growth cores. 

Currently, minirhizotrons represent the most direct and, arguably, the most accurate method 

for characterizing fine root dynamics, especially since production and mortality are 

synchronous processes (Majdi et al. 2005; Hendricks et al. 2006). Because of the problems 

associated with all techniques for measuring fine root mortality there is an increasing need to 

compare the result of different methodologies (Vogt et al. 1998). 

The primary objective of this study was to improve understanding of patterns and controls of 

fine root necromass and mortality of global forest ecosystems. In this paper, I summarize 

factors that influence fine root mortality, and describe the variability of fine root necromass 

and fine root mortality estimates across stand age, climate zone, wood type, and geographic 

location.  I examined how fertilization, elevated CO2, and drought affect fine root necromass 

and mortality. Lastly, I consider remaining knowledge gaps in fine root necromass and 

mortality, and make recommendations for future research.  

 

1.1.Subjective review of factors that affect fine root mortality 

Based on current evidence, it is clear that fine root mortality is highly variable in both space 

and time (Gill and Jackson 2000; Yuan and Chen 2010). Mechanisms that controls mortality 

of fine roots in forests are complex and not well understood. Therefore, I are unable to 

determine how the changes which result from differences in sampling methods and 

calculations, or differences in species, site, and stage of stand development alter fine root 
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mortality estimates. Due to the easy decomposability of dead fine roots, the temporal dynamics 

of the dead root pool is greater than that of live roots (Matamala and Schlesinger 2000). While 

most of the mortality occurs at the end of active growing season and before dormancy (King 

et al. 1998), the exact productivity and mortality period may differ significantly from the 

dynamics of aboveground growth.  

Fine root mortality is a flux between the live fine root biomass pool and the dead fine root 

biomass pool. Dead fine root biomass pool size is determined by the balance between mortality 

and decomposition. Biotic and abiotic factors control the production and mortality fluxes, and 

also interact with one another (Figure 1). Recent fine root studies indicate that fine root age, 

emergence date, seasonality, soil conditions, climate, nutrient availability, mycorrhizal 

relationships, diameter, respiration rates, and herbivory can all influence fine root survival and 

longevity (Eissenstat et al. 2000; Ruess et al. 2003). The following sections synthesize the 

factors which are thought to be the most important in affecting fine root mortality: 

1.1.1. Seasonality 

Fine root seasonal mortality happens throughout the year, but is highly variable and has peaks 

and valleys. By contrast, stem growth occurs at a slow, but almost continuous rate. Most studies 

have found the greatest fine root mortality happens during late summer and fall, and is lowest 

during the winter (Steele et al. 1997; Coleman et al. 2000; Norby et al. 2004). Fine root of 

loblolly pine plantation in the southeastern U.S. experienced high mortality in fall, at the time 

of year when second year needles were being shed (King et al. 2002). Over-winter mortality 

was low compared to growing season mortality in a northern hardwood forest (Tierney et al. 

2003). In a Norway spruce stand in northern Sweden, fine root mortality was generally low 
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during the growing season within an increase at the end of the growing season.  The period of 

greatest mortality was from late summer through winter in a northern hardwood forest 

(Hendrick and Pregitzer 1993). In another study of Michigan northern hardwood forests, root 

mortality for the November to March period accounted for 20 % of annual root mortality 

(Burton et al. 2000). In Alaskan taiga forests, greatest rates of mortality were observed in fall 

and over the winter (Ruess et al. 1998). Low mortality in summer and high in winter was 

observed in a Mediterranean holm oak forest in NE Spain (López et al. 2001). However, 

different seasonal patterns have also been observed.  Highest root mortality occurring in spring 

in poplar, switchgrass, soybean, and corn sites in central Iowa, which may have been caused 

by winter frost damage  (Tufekcioglu et al. 1998). One study found a Fagus/Quercus stand had 

greatest fine root mortality during the growing season (April-September), which was at least 

partly due to a marked rainfall deficit (Leuschner et al. 2001).  

 

Root mortality has been found correlated with fine root appearance time. In a study of a scrub-

oak ecosystem in Florida, the highest risk of mortality occurred in roots initially appearing 

during the spring and summer months. Fine roots appearing in the spring lived longer and had 

the highest risk of death in the fall observation date (191 days later). New roots produced in 

the summer and winter months (June) typically had greater mortality within the next 

observation period (∼95 days later) in the fall and spring, respectively. New fine root growth 

in the fall did not show a clear trend for critical mortality points (Stover et al. 2010).  

1.1.2. Fertilization/nutrient availability 

Soil nitrogen (N) has been shown to have great effect on fine root demography and C allocation 

to fine roots.  The effect of nutrient availability on fine root mortality seems to be mediated by 
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the base nutrient status, and the effect on productivity. Whether it is a key role in determining 

fine root mortality is still under debate. Nutrient additions have been found in many studies to 

increase mortality along with productivity in a range of species and situations:  Fine roots died 

at a faster rate when soil N was more available in trembling aspen (Pregitzer et al. 1995). 

Fertilization increased fine root mortality and net production of fine root of a loblolly pine 

plantation in the southeastern U.S. (King et al. 2002). In a study of fertilization effects on fine 

root dynamics of Norway spruce in northern Sweden, fine root mortality increased 

significantly in fertilization plots (Majdi 2001).  Fine root mortality was increased by 

increasing soil N in seedling Pinus ponderosa (Tingey et al. 1997).  

Some studies have reported decreased fine root mortality with fertilization. Fine root mortality 

of Douglas-fir was consistently higher at the lower N site than at the higher N site (Tingey et 

al. 2005). Fertilization decreased fine root mortality by 30%, 30% and 36% of mycorrhizas, 

finest, and fine roots in a 35 years old Sitka spruce plantation (Alexander and Fairley 1983). 

At the same time, fine root production was reduced by 15%, 22% and 31% respectively. This 

could be a consequence of fertilization allowing reallocation of resources from fine roots  to 

elsewhere in the tree (Alexander and Fairley 1983). A higher proportion of fine root necromass 

(80%) was found in nutrient poor compared to nutrient rich tropical forest, resulting from high 

mortality or slow decomposition (Priess et al. 1999). 

Some studies reported no significant differences of fine root necromass when comparing 

similar stands of differing nutrient (N, P) availability class (Vogt et al. 1983; Ostertag 2001; 

Son and Hwang 2003), but live fine root biomass was decreased by N fertilization (Gower and 

Vitousek 1989).  Taken together these results seem to indicate that N availability is not 

primarily responsible for root mortality. Increased fine root mortality has been associated with 
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increased total net primary production under increased N availability, but the proportion of 

total net primary production allocated to belowground biomass did not decrease (Aber et al. 

1985; Nadelhoffer et al. 1985). Furthermore, additional uncertainty regarding fine root 

mortality responses to nutrient availability may come from insufficient discrimination between 

physiologically distinct root fractions that differ in biomass and rates of turnover (King et al. 

2002).  

1.1.3. Drought/water availability 

Soil water availability has been shown to affect fine root biomass. Mesic forest conditions had 

more living fine root biomass than necromass, whereas drought promoted fine root mortality 

(Persson 1983). There is considerable evidence that fine root mortality is increased under 

drought (Head 1973; Santantonio and Hermann 1985; Pregitzer et al. 1993; Mainiero and 

Kazda 2006; Brunner et al. 2015), especially for fine root less than 1 mm diameter (Konôpka 

et al. 2007). Fine root mortality of a mature Norway spruce stand increased by 60 g m-2 y-1 as 

a consequence of experimental drought (Gaul et al. 2008). In a study of fine root dynamics in 

early successional Alaskan taiga forests, annual fine root production and mortality in a year 

with unusually low precipitation was significantly higher (~2.5 times greater) than normal 

precipitation years (Ruess et al. 1998). Fine root biomass decreased by about a third in stands 

with <550 mm yr-1 compared to those with > 950 mm yr-1. The authors hypothesized that 

summer droughts lead to increased fine root mortality, thereby reducing root biomass, but it 

also stimulated compensatory fine root production in the drier stands (Meier and Leuschner 

2008). However, if soil water matric potentials approach -0.12 MPa, root growth typically 

tends to cease, and therefore  enhanced fine root mortality due to water shortage may not 

always be compensated by increased fine root production during drought (Teskey and 
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Hinckley 1981). High seasonal variability of necromass has been observed, with fine root 

mortality in late summer and fall at least partly caused by soil water shortage. Greater fine root 

necromass in Fagus was observed in the topsoil that coincided with a marked rainfall deficit 

and a continuous reduction of the soil water content. In addition, a litter bag study suggested 

that the large increase in root necromass was caused primarily by higher mortality and not by 

decreased root decomposition (Leuschner et al. 2001). Additionally, fine-root mortality 

increased during a shallower water table period in an a Populus alba forest: Living fine-root 

biomass was similar among different water table treatments, though fine-root morality 

increased when water table was shallow, suggesting shallower water table increased both fine-

root mortality and production (Imada et al. 2010). Drought can also interact with shade, leading 

to greater fine root mortality due to carbohydrate depletion (Marshall 1986). 

Some studies have found that water availability had no effect on fine root mortality. No 

significant difference of fine root mortality was found between irrigation and ambient water 

availability in a Norway spruce stand in northern Sweden (Majdi 2001). No fine root mortality 

of citrus trees was observed during a drought, even at higher soil temperature (Bryla et al. 

1997). No significant differences in fine root mortality were observed under water input 

manipulations in a hardwood forest in Tennessee (Joslin and Wolfe 1998). These differences 

in responses of the root system to water shortage depended on drought intensity and duration, 

tree species and age. For example, fine root systems may respond to a sudden water availability 

change, like drought, but adapt to the new conditions over time (e.g. acclimation). In other 

words, the greatest fine root mortality could be observed right after a drought event, but not 

after 2 months (Gaul et al. 2008).  Sufficient site replication is also needed to study drought 

impacts on fine root dynamics (Meier and Leuschner 2008).  
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1.1.4. Temperature 

Temperature is a key factor that regulates many terrestrial biogeochemical processes, including 

fine root mortality. Warmer soil temperature seems to be associated with greater fine root 

mortality rate (Xi 1993). Fine root mortality in a northern hardwood forest was weakly but 

positively associated with soil temperature (Hendrick and Pregitzer 1997). The potential 

mechanisms that could explain the increase in fine root mortality with higher temperature are: 

First, maintenance respiration of plant roots increases exponentially with temperature (Johnson 

1990), thus depleting fine root carbohydrates and enhanced root decomposition (Ruark 1993), 

resulting in greater root mortality and turnover (Gill and Jackson 2000). Second, stimulated 

microbial activity at higher temperature could lead to increased net N mineralization and 

availability (Rustad et al. 2001). Thereby increased the fine root production and mortality 

(King et al. 1999; Pregitzer et al. 2000; King et al. 2002). Third, higher soil temperature could 

interact with the concomitant changes in water availability (Kuhns et al. 1985), decreases in 

soil water may accelerate fine root mortality. Finally, warmer soils could accelerate the 

reproduction of pathogens and herbivores which cause fine root mortality (Eissenstat and 

Yanai 1997). Many studies have observed positive effects of higher temperature on fine root 

mortality (Forbes et al. 1997; King et al. 1999). For example, elevated temperature 

significantly enhanced fine root mortality and reduced fine root biomass of maple during the 

growing season (Wan et al. 2004). Peak fine root mortality was observed when soil 

temperature was highest in ponderosa pine plantations ponderosa pine forest (Tingey et al. 

1997). Fine root mortality was generally low when soil temperature was low, except in extreme 

conditions like freezing (Tierney et al. 2001). Increased frequency of soil freezing events, as 

may occur with global change, could alter fine root dynamics. Soil freezing over winter 
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resulted in elevated fine root mortality at shallow soil depth (0-30 cm depth), which was found 

in a study that examined the effects of soil freezing (snow removal treatment) on the fine roots 

dynamics of northern hardwood forest (Tierney et al. 2001). In contrast, fine root mortality 

was lower during winter than other seasons in a temperate forests where snow insulated the 

soil (Hendrick and Pregitzer 1992).  Under global climate change, warming may simulate fine 

root mortality, therefore increasing the C flux to soil and possibly sequestering more C in soil 

organic matter pools (Matamala et al. 2003).  

1.1.5. CO2 concentration 

Many studies have suggested that CO2 enrichment increases fine root mortality (Fitter et al. 

1995; Pregitzer et al. 1995; Berntson and Bazzaz 1997; Thomas et al. 1999).  An increase of 

139% in fine root necromass was found under +200 ppm CO2 comparing to ambient plots 

(King et al. 2001). Annual fine root mortality was increased 36% in a loblloly pine plantation 

(Pritchard et al. 2008) and 100% in a sweet gum plantation (Norby et al. 2004) with +200 and 

+160 ppm CO2, respectively, compared to ambient air. The increase in fine root mortality was 

a direct result of increased fine root production and not an alteration of root physiology. An 

increased accumulation of new C in CO2-enriched plots was the result of greater amounts of 

fine roots mortality and decomposition (Norby et al. 2004). Fine root mortality increased from 

10.2 to 17.9 g m-2 yr-1 by CO2 elevation in a loblolly pine forest in North Carolina, even though 

the difference was not statistically significant (Matamala and Schlesinger 2000). It may be 

especially important that the greatest increases in fine root production and mortality under 

elevated CO2 occur in deeper soil, where sequestration into longer-lived pools may more likely 

(Gill et al. 2002). 
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Elevated CO2 has been shown to increase carbohydrate content in roots, meeting the 

maintenance respiration and membrane transport needs, increasing root longevity (Eissenstat 

et al. 2000). Despite increased fine root life span, there is still higher mortality as a 

consequence of the larger fine root biomass. However, CO2 enrichment has also been shown 

to shorten fine root longevity under elevated CO2 (Pritchard et al. 2008). Regardless, fine root 

mortality appears to increase under elevated CO2. The response will interact with  increased 

global temperature that accompanies a CO2-enriched atmosphere, which will itself accelerate 

fine root mortality and turnover (Marshall and Waring 1985; Ruark 1993; Tingey et al. 1997).  

However it is not known if this stimulation persists over time (Tingey et al. 2000). Studies 

have found that significant increases in root productivity and mortality due to CO2 enrichment 

were no longer present after 9 years of treatment (e.g. acclimation), in a longer-term study in 

a scrub-oak ecosystem in Florida (Stover et al. 2010). The likely reason could be the limitation 

of N, which is considered a major factor regulating fine root production and mortality under 

elevated CO2 (Pregitzer et al. 1995). 

1.1.6. Disturbance  

Disturbances resulting from natural disasters, such as hurricanes, and human actions, such as 

management and pollution, have been shown to cause damage to aboveground vegetation that 

consequently also had effects on fine roots. Disturbances from experimental gap creation and 

hurricanes increased fine root mortality within 6 months, which had significant negative effects 

on nutrient conservation in tropical forests ecosystem (Silver and Vogt 1993). Longer-term 

removal of photosynthetic capacity along with limited C storage in response to canopy 

scorching or removal lead to increased fine root mortality (Eissenstat and Duncan 1992; Guo 

et al. 2004). As a part of forest management, thinning (60% reduction in basal area) didn’t 



 

116 

affect the fine root mortality of a 12-year-old plantation of Radiata pine (Santantonio and 

Santantonio 1987). Soil contamination was shown harmful to the fine root system. Fine root 

had high mortality in a heavy-metal polluted stand, in which liming and correction fertilization 

increased the growth and survival of fine roots (Helmisaari et al. 1999). Liming has been 

reported to increase fine root mortality (Lehto 1994), and fertilizers with lime caused greater 

fine root mortality in Norway spruce, possibly reason due to lime-induced boron deficiency 

from higher soil pH (Helmisaari and Hallbäcken 1999).  Soil acidity may increase fine root 

mortality as well. The ratio of biomass to necromass was significantly lower in the most acidic 

sites than other sites (Godbold et al. 2003). 

1.1.7. Tree age 

Fine root mortality has been shown to increase with stand age.  Fine root necromass was 

500±112, 1047±452 and 1895±607 g m-2 in the sapling (15-yr-old), pole stage (35-yr-old) and 

mature stand (100-yr-old) of  Scots pine forests, respectively (Makkonen and Helmisaari 

2001). The depth distribution of fine root necromass varied with stand age, with most of the 

fine root necromass in the humus layer and upper mineral soil layer of a sapling stand, whereas 

most of the fine root necromass was located in the mineral soil in the mature and pole stage 

stands (Makkonen and Helmisaari 2001). Fine root mortality was shown to increase for up to 

70 years in broad-leaved stands and up to 90 years in the needle-leaved stands, and declined 

thereafter, mirroring the pattern of live fine root biomass (Yuan and Chen 2010) .  

1.1.8. Soil depth 

Fine root persistence has been correlated to soil depth, suggesting that fine root life span 

increases with depth in the soil, and therefore, fine root mortality decreased at greater depth 
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(Ruess et al. 1998; Gaudinski et al. 2001; Wells et al. 2002; Stover et al. 2010). Most fine root 

necromass was in the humus layer and in the uppermost mineral soil layer in forests (Fahey 

and Hughes 1994; Makkonen and Helmisaari 1998). A greater proportion of fine root 

necromass in hardwoods was found in the forest floor compared to mineral soil (McClaugherty 

et al. 1982). It is a textbook knowledge that fine root turnover near the surface provides the 

majority of C inputs to the soil (Han et al. 2016). Given the greatest temporal variability of 

environmental conditions, especially moisture, in the surface than deeper soil, the longevity of 

surface roots tends to be shorter. However, it has been reported that it is deeper fine root 

mortality that follows leaf phenology more closely than surface root mortality (Hendrick and 

Pregitzer 1996). Fine root mortality near the soil surface was distributed evenly throughout the 

year, while the mortality of deep fine root (below 80 cm soil depth) was greater in fall and 

winter compared to the growing season. Shallow and deep root mortality rates were found to 

be asynchronous, and root mortality followed leaf senescence concentrated at depths greater 

than 50 cm (Hendrick and Pregitzer 1996). Others have reported different patterns of root 

mortality with soil depth. Fine root mortality in 0-10 cm and 50-60 cm depth was lower than 

in 10-50 cm depth intervals (López et al. 2001). Additionally, soil depth of the greatest fine 

root mortality was dependent on species. For example, the greatest fine root necromass of P. 

sylvestris was found in the mineral soil horizon, whereas that of C.vulgaris and V. vitis-idaea 

was in the forest floor and humus layer due to shallow rooting (Persson 1980). 

 

1.1.9. Fine root branching order 

The mortality of individual roots has been shown to differ among branching orders and root 

diameters (Hishi 2007). Generally, fine root mortality increases when fine root diameter and 
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order decrease (Eissenstat and Yanai 1997; Wells and Eissenstat 2001; Pregitzer et al. 2002; 

Tierney and Fahey 2002; Guo et al. 2008). A 0.1 mm increase in diameter can lead to 43% 

increase in lifespan, and one unit increase in root order can result in >100% increase in root 

lifespan (Guo et al. 2008). Roots in the 0-0.5 mm diameter size class showed higher mortality 

compared to 1-2 mm size class (Tingey et al. 1997).  Survivorship analysis suggested the 

smallest fine roots (i.e. <0.1 mm in diameter and <0.25 mm in length) were most susceptible 

to mortality (Stover et al. 2010). The first order fine roots contributed more than other orders 

(22-59%) to total fine root mortality (Guo et al. 2008). Fine root mortality rates varied 

consistently with branching order in Prunus persica Batsch roots with median life-spans 

ranging from 3 to 4 months for first order roots compared to 7 to 8 months for higher order 

roots (Wells et al. 2002).  

1.1.10. Species and plant diversity 

Fine root mortality has also been shown to vary across different species. For example, annual 

fine root mortality rates was much lower in pine than in a nearby sweetgum stand, and how 

they responded to changes in environmental factors was distinct (Norby et al. 2004). Hence, 

the inherent difference in fine root dynamics between contrasting tree species is a key 

ecosystem attribute controlling how fine root mortality responds to changing environmental 

factors. Greater fine root productivity was observed with higher species diversity. Significantly 

higher fine root necromass was observed in mixed- than single-species stands in North 

American boreal forests (Brassard et al. 2011).  
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1.1.11. Microbes and macrofauna  

Soil microbial communities and macrofauna have been shown to influence fine root mortality, 

and pathogens increase fine root mortality. The median life span of Citrus volkameriana fine 

roots is typically about 150 days, but can be as little as 16 d in the fall when populations of 

root pathogens such as the fungus Phytophthora nicotinaae are high (Kosola et al. 1995).  In 

contrast, mycorrhizae have been shown to decrease fine root mortality (King et al. 2002). 

Mycorrhizal colonization can enhance root longevity by diverse mechanisms, including 

enhanced tolerance of drying soil and enhanced defense against root pathogens (Eissenstat et 

al. 2000). One study found that earthworms increased root mortality, increased root exudation 

and rhizodeposition, and allocation to mycorrhizal fungi (Fisk et al. 2004). Other macrofaunal 

which eat fine root also cause the fine root mortality (McClaugherty et al. 1982).  

 

2. Methods and materials 

In this paper, data on tree fine root necromass and mortality were collected from an exhaustive 

review of the peer-reviewed literature published between 1972 and 2012. I used the key words 

“dead fine root biomass”, “fine root necromass”, “fine root mortality”, “fine root loss”, and 

“soil carbon input”, focusing on fine root mortality studies in forested ecosystem using Google 

Scholar and Web of Science accessed with North Carolina State University Libraries resources.  

I reviewed more than 200 journal papers before and after the year 2000, respectively.  

Estimates of fine root necromass and mortality were derived from reported data on live fine 

root biomass, dead fine root biomass, fine root production, fine root mortality, fine root 

decomposition, turnover rate, turnover time, turnover index. Related information such as root 

diameter, soil depth, mean annual precipitation, mean annual air temperature, geographic 
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coordinates (latitude and longitude), species, tree age, soil type, country, method, year., etc. 

were taken from the original sources. Some data had to be extracted from figures using 

software (GetData Graph Digitizer). Because studies sampled at widely varying soil depths, I 

standardized all fine root data to the uppermost 30 cm of the mineral soil by the root vertical 

distribution equation  Y = 1 − 𝛽𝑑, where Y is root fraction by depth d (Gale and Grigal 1987). 

I set 𝛽 = 0.976 for trees, 𝛽 = 0.975 for shrubs, 𝛽 = 0.954 for grasses (Jackson et al. 1997) 

in the calculations. I did a summary of previous fine root mortality studies using the complete 

dataset, and evaluated the environmental factors and the experimental treatment effects on fine 

root necromass and mortality estimates under ambient environment and experimental 

treatments using respective subsets of the data (Figure 2).  

The total data set used in this study was derived from 84 studies spanning 106 locations. Mean 

annual air temperature ranged from -3.5 to 26 °C and mean annual precipitation ranged from 

269 to 4000 mm yr-1. The study year ranged from 1974 to 2013, with most studies being 

conducted in 1995 (11 studies) (Figure 3a). There were 62 species in total, with the most 

abundant being “mixed”, which consisted of multiple species. The most abundant single 

species was Scots pine (Pinus sylvestris L.), which is native to western Europe. The second 

most abundant single species was Norway spruce (Picea abies (L.) H. Karst) (Figure 3b). Most 

studies were conducted in temperate, then boreal, tropical and other biomes (Figure 3c). The 

most studied tree species belonged to softwood forests (46 studies) and hardwood forests (34 

studies) (Figure 3 d). The United State was the country with the highest number of studies (31 

studies) on fine root mortality, compared to Germany (10 studies), Finland (8 studies), etc. 

(Figure 3e). The methods most commonly used to study fine root mortality were 

coring/sequential coring (51 studies), minirhizotrons (23 studies), and ingrowth-cores (9 
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studies) (Figure 3f). The sampled soil depth also varied greatly, with the most common down 

to 30 cm depth (33 studies), then 60 cm depth (29 studies). Eight studies sampled deeper soil 

(≥ 100 cm) (Figure 3g). This was the reason fine root values had to be standardized to a 

common depth interval (e.g. uppermost 30 cm). Different root diameter classes were used to 

classify fine roots in the reviewed studies: <2 mm (53 studies) was the most common, then  

<1mm (13 studies), <5mm (7 studies), and <0.5mm (4 studies) (Figure 3h).  There were 44 

studies reporting fine root necromass in the units of gram dry mass per square meter (g m-2). 

A total of 23 studies reported fine root mortality in the unit of g m-2 yr-1,  and one study reported 

it in the units of g m-2 month-1, one study in the units of g m-2 day-1, two studies in the unit of 

mm, one study in the unit of mm cm-2 yr-1, four studies in the unit of mm cm-2 day-1, three 

studies in mm m-2 day-1, and one study in % day-1. I used fine root mortality estimates that 

reported data in the units of g m-2 yr-1 in the following analysis.  

Data Analysis and Statistics 

This analysis was focused on forest ecosystem and excludes landscape types such as 

grasslands, agriculture, etc. Environmental effects on live fine root biomass, fine root 

necromass, fine root production, and fine root mortality were estimated by mixed linear model 

analysis of variance (PROC MIXED, SAS, Cary, NC) and only conducted on fine roots less 

than 2mm in diameter. Fixed effect factors were wood type (e.g. needleleaf vs. broadleaf), 

climate zone, sampling method, wood type*climate zone, wood type*method, and 

method*climate zone. 

The effects of experimental treatments (fertilization, elevated CO2, and drought) on fine root 

necromass and mortality were estimated by mixed linear model analysis of variance. Fixed 
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effect factors were treatment, studyID (identical number for estimates in the same study), and 

treatment*studyID. 

 

3. RESULTS 

3.1.Influence of climate zone, wood type, study method on fine root necromass and 

mortality 

Fine root necromass (286±29g m-2, 37 studies) and fine root mortality (318±49 g m-2 yr-1, 17 

studies) estimates at 30 cm depth of forestry ecosystem varied from 2 to 2527 g m-2, and 4 to 

2712 g m-2 year-1, respectively. The mean necromass and mortality in each study ranged from 

13 to 1959 g m-2, and 8 to 1400 g m-2 yr-1. Studies were mostly conducted in northern Europe, 

United State and East Asia (Figure 4). Climate zone had a statistically significant effect on fine 

root necromass (P<0.0001).  Boreal forests (428±72 g m-2) had greater fine root necromass 

than temperate (160±16 g m-2) and tropical forest (248±33 g m-2). However, there was a 

statistically significant interaction between climate zone and wood type (P<0.0001). The fine 

root necromass in boreal hardwood forest (1838±332 g m-2) was much greater than in boreal 

softwoods (371±65 g m-2). Softwoods had lower fine root necromass (226±31 g m-2) than other 

wood types (P<0.001) (Figure 5).  There was no difference in fine root necromass measured 

by the different methods (P=0.9). No statistically significant effects of any of these factors 

were found on fine root mortality (ANOVA results in Appendix I).  
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3.2.Variation of fine root necromass across stand age 

Fine root necromass changed with stand development. For the two climate zones having the 

largest number of data points, fine root necromass in boreal forest showed a general decreasing 

trend for stands up to 70 years old by quadratic regression analysis, whereas in temperate 

forest, fine root necromass showed a significant decrease for stands up to 40 years old and 

increased thereafter (Figures 6A and B). Also, fine root necromass in both softwood and 

hardwood stands changed with respect to stand age. Fine root necromass in softwood stands 

started to increase around 70 years old, whereas in hardwood stands fine root necromass 

showed a trend of slightly decreasing for stands up to 50 years old and increased thereafter 

(Figures 6C and D).  

3.3.Variations of fine root necromass and mortality across geographic location and 

climate variables 

The fine root necromass pool ranged from 0 to 700 g C m-2 in both tropical and temperate 

zones, but reached as high as 3000 g m-2 in the boreal zone (Figure 7). Although many sites in 

the boreal zone had comparable fine root necromass to lower latitude forest, there were also 

15 sites with much higher necromass pool. All these sites had relatively low or very low annual 

precipitation, and many also had low temperature. Some but not all of these sites had high fine 

root mortality, suggesting that both high mortality and slow decomposition could have 

contributed to the high necromass pool, depending on site (Figure 7). Linear regression 

analysis also showed a significant decrease in fine root necromass at a rate of 22.37 g m-2 per 

1°C of mean annual temperature increase along the entire geographic range (Figure 7B).  Fine 

root necromass also decreased as the mean annual precipitation increased (Figure 7C). 
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Similarly, fine root mortality had the tendency of increasing as the absolute value of latitude 

increased, but this was not statistically significant (Figure 7D). Fine root mortality decreased 

significantly with increasing mean annual temperature and mean annual precipitation (Figures 

7E and 7F).  However, most studies that reported fine root necromass and mortality were in 

boreal and temperate forests, and values representing low latitudes were severely limited.  

 

3.4.Relationship between fine root necromass and live fine root biomass, mortality and 

production. 

Fine root mortality estimates were strongly positively correlated to fine root production: 

mortality=107.01+0.85*production (Figure 8; r2=0.77). Whereas, fine root necromass 

estimates were only weakly correlated with live fine root biomass (Figure 8; r2=0.18).  The 

mean live fine root biomass to fine root necromass ratio (L/D) was 2.0±0.2 globally, indicating 

live fine root biomass was twice that of dead root biomass, on average. The ratio in tropical 

forest (4.4±1.1) was greater than in temperate (2.3±0.2), and boreal forests (1.0±0.1), and 

differences were statistically significant in softwood, hardwood and mixed forests, but not in 

shrub forests (P=0.07). A significant interaction effect between wood type and climate zone 

on L/D ratio was found (P=0.001).  The L/D ratio also had the tendency of increasing from 

shrub (1.2±0.1) to softwood (1.6±0.2), to hardwood (2.7±0.6), and to mixed (3.0±0.8) forests 

(P=0.3) (ANOVA result Appendix III). 
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3.5.Influences of experimental treatments (fertilization, elevated CO2, and drought) on 

fine root mortality 

Of the experimental treatments, I could evaluate the effects of nutrient availability, 

atmospheric CO2 concentration and soil moisture availability on fine root necromass and 

mortality. Despite small sample size (n=3 for each factor), the effects of atmospheric CO2 and 

soil moisture availability were detectable as statistically significant (p<0.01), whereas the 

effect of nutrient availability was not.  

 

Elevated CO2 increased fine root mortality (P=0.02). Fine root mortality was 176±29 and 

269±25 g m-2 year-1 under ambient and elevated CO2 concentration, respectively (Figure 9b).  

Fine root necromass (241±20 g m-2) also increased under elevated CO2 concentration, 

compared to ambient (137±27 g m-2) (P=0.003) (Figure 9d). Drought had a statistically 

significant effect on fine root necromass (P=0.0003). The fine root necromass was greater 

under drought or low soil water availability (196±10 g m-2) compared to ambient soil water 

availability (136±11 g m-2). 

There were no data in the units of g m-2 yr-1available in studies regarding drought or water 

availability, only two studies reported fine root mortality estimates in the units of g m-2 month-

1. Fine root mortality tend to be higher under drought or low soil water availability (71±17 g 

m-2 month-1) compared to the control or high soil water availability (50±17 g m-2 month-1), 

however the difference was not statistically significant (P=0.4). ANOVA results are shown in 

Appendix II. 

Based on the four experimental studies that had reported fine root mortality in response to 

fertilizer amendments, the treatment effect was not statistically significant, although as 
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expected the mean of the low-nutrient plots was about 8% higher than that of the high-nutrient 

plots (Figure 9). The difference was slightly greater in the mean fine root necromass pools 

(p=0.07, n=7), but this, too, did not amount to statistical significance. There was a significant 

interaction effect between fertilization and study (P=0.0002). 

 

4. Discussion 

4.1.Live fine root biomass, production and turnover 

The fine root necromass and mortality correlated closely with total live root biomass pool and 

fine root productivity, respectively. The fine root biomass values observed in the current study 

were similar in magnitude to those reported earlier (Yuan and Chen 2010). Although the 

dataset is heavily biased for temperate forests in Western Europe and North America (Figure 

3), there were also distinct latitudinal gradients reflective of overall differences in biomass and 

productivity (Figure 4 and 7). Although fine root mortality estimation is complicated by 

simultaneous decomposition, and potential sampling errors, I have confidence in the broad 

patterns, as there were no consistent differences in neither necromass nor mortality estimates 

between different methods. 

Mean live fine root (< 2mm) biomass and production were 279±12 g m-2 (49 studies) and 

351±40 g m-2 yr-1 (20 studies), respectively. Most studies were conducted in northern Europe 

and the United State (Figure 10). The average biomass was lower than the estimate by Yuan 

et al. (2010), who reported a mean of 528 g m-2 of boreal forest fine root (<2mm) biomass 

from a literature review, and greater than the mean of 213 g m-2 for fine root biomass < 1mm. 

This makes sense because our live fine root biomass estimates included estimates of fine roots 

which were <0.5, <1, and <2mm in diameter. My estimate of fine root production (<2mm) is 
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greater than the estimate of 283 g m-2 from a review in boreal forest (Yuan and Chen 2010). 

This could be explained by the variation of fine root production in different climate zones. My 

data showed the lowest fine root production in boreal forest (177±42 g m-2 yr-1) in contrast to 

the tropical forest (444±37 g m-2 yr-1). Different patterns of fine root production compared to 

mortality were observed. Even though no statistically significant differences in biomass and 

production across climate zone were found (P=0.3), both biomass and production had the 

tendency of increasing from boreal to tropical forest, in contrast to the necromass which was 

the greatest in boreal forest (Figures 11a and d). Both live fine root biomass and production 

were similar between wood types (P=0.2) (Figure 11b and e) and sampling method (P=0.6). 

Nevertheless, it seems the minirhizotron method had higher estimates of biomass and 

production than did the coring method, on average (Figure 11c and f), which is consistent with 

the finding that soil core and ingrowth core production estimates were lower than 

minirhizotrons estimates (Hendricks et al. 2006). The coring method assumes that root 

production and mortality occur asynchronously, which appears not to be the case from 

assessments of simultaneous production and mortality in minirhizotrons (Lauenroth 2000). 

Numerous studies employing both the coring and minirhizotron techniques indicate that core 

methods yielded lower production estimates (Hendrick and Pregitzer 1993; Hansson et al. 

1995; King et al. 2002). However, few studies compared fine root mortality measurements of 

the two methods. King et al. (2002) noted that the fine root mortality measured by 

minirhizotrons was greater than core sampling measurements (Albaugh et al. 1998) in the same 

loblolly pine plantation. In the current study, it appears that fine root mortality estimates 

derived from different methods are highly varied and different (Figure 11f).  
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In previous root studies, estimates of fine root turnover were typically given in widely varying 

units, making comparisons in this review difficult. Two ways of calculating fine root turnover 

are 1) fine root production/maximum belowground biomass (0.64±0.07 yr-1) (Godbold et al. 

2003; Silver et al. 2005) and 2) fine root production/mean belowground biomass (1.56±0.15 

yr-1) (Ruess et al. 1996; Castellanos et al. 2001; Ostertag 2001; Yang et al. 2004; Guo et al. 

2007), with apparently large differences in fine root turnover estimated by each method. Other 

studies have used various other methods of representing fine root turnover, for example: 

necromass turnover (0.42±0.05 yr-1), which was calculated by production/maximum 

necromass (Godbold et al. 2003), turnover time (1.74±0.78 yr), which was calculated by mean 

live biomass/mortality (Alexander and Fairley 1983), turnover index (1.12±0.24 yr-1), which 

was calculated by mortality/mean live biomass (Tingey et al. 2005; Pritchard et al. 2008).  

4.2.Key sources of variability in fine root necromass  

In this study, I were unable to identify key controlling factors of fine root necromass and 

mortality due to the limitation of database size and related information. The result of stepwise 

selection (MAT, MAP, age, fine root diameter, |latitude|) showed MAT (P<0.0001), age 

(P=0.2), fine root diameter (P=0.01), |latitude| (P=0.004) were the most influential factors over 

fine root necromass (R2=0.33). MAT (P=0.0003), age (P=0.07) and |latitude| (P=0.0007) were 

the most influence factors over fine root mortality (R2=0.68). Apparently, there were other 

unknown factors that contributed to the variation of fine root necromass and mortality. There 

is also a tremendous amount of variation across species and soil type that remains largely 

unexplored.  

Fine root mortality is not simply negatively correlated with soil resource availability, as is 

commonly perceived in ecosystem models (Hendricks et al. 2006).  As proposed by 
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(McCormack and Guo 2014), fine root mortality increased with factors that exceeded plant 

demand or tolerance, and decreased with factors that strongly constrained plant growth. 

Therefore, before examining how factors control fine root mortality, it is important to 

understand how each factor (temperature, water, nutrients, etc.) relates to the “favorable 

condition” for fine roots across species, soil, etc. For example, different tree species have 

different tolerance limits for drought, therefore, patterns and thresholds of fine root mortality 

in response to soil water availability may also differ. Unfortunately, no study has evaluated 

this across species. In addition, the adaptation ability of plants need to be considered in future 

studies. For example, fine root mortality right after an acute drought event compared to that in 

the middle of a long-term drought could be different, even though the soil water availability at 

a given point in time may be similar.  Larger databases and a standardized conceptual 

framework that guides sampling design and methods of calculation are needed to determine 

how different environmental factors impact fine root dynamics within and across sites as a 

function of environment, land use, and management.  

 

4.3.Implications for future studies 

From reviewing 80+ studies, I found discrepancies between fine root sampling protocols, even 

within the same method used across studies.  Some studies sampled fine root necromass as 

intensively as every 4 weeks over 2-year period, while others only sampled once. Due to the 

logistical difficulties of belowground sampling and sample processing, the sample size of the 

reported studies remains too low, and it is hard to conclusively delineate true cross-site 

differences from site-level seasonal of interannual variation. Often, assumptions are made 

about the latter two components in order to make do with reduced sampling density. 
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The variation of fine roots seasonally and year-by-year (e.g. drought year, wet year) have yet 

to be captured, and therefore estimates of fine root necromass from a single or a few 

observations can be misleading. In addition, frequent sampling is key to accurate fine root 

mortality estimates. Because fine root appearance and disappearance is rapid, a fine root can 

be observed at one sample date and within 3–4 days it will have disappeared (Tingey et al. 

2003). Low frequency of sampling has been shown to greatly underestimate fine root mortality 

(Tingey et al. 2005). In addition to the sampling frequency and duration, the fine root diameter 

class and sampling depths varied highly across studies analyzed in this review. Some studies 

classified fine roots as < 2.0 mm, some <0.5 mm and some even <5.0 mm. Even though I didn’t 

find any correlation between fine root diameter and necromass, the different definitions of fine 

roots still could influence on necromass estimates. Also, the inconsistency of sampling depths 

also makes comparisons difficult. To account for this, I assumed necromass vertical 

distribution in the soil was the same as live biomass and standardized everything to the upper 

30 cm of depth, which may have brought uncertainties to global synthesis and analysis. Lastly, 

different units of fine root necromass and mortality estimates and insufficient information for 

conversion largely decreased the number of studies that could be compared. For example, it is 

difficult to convert the fine root mortality in the unit of % day-1 to g m-2 year-1. Thus, it would 

be more desirable to report fine root mortality in the same units for all studies.  

The data coverage was not uniform globally. The extrapolation of studies from Europe and 

North America to Asia may introduce additional errors, and needs to be checked against. Fine 

root necromass and mortality information for North Asia and Africa was almost completely 

lacking. Studies conducted in these areas are urgently needed for a comprehensive 

understanding of how belowground detritus input from fine root turnover contribute to the 
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global C cycle.  Overall, future studies of fine root necromass and mortality need frequent 

sampling and longer duration using a standardized sampling protocol, including diameter 

distributions to categorize fine roots physiologically, for extended time periods and poorly 

represented regions.  

5. Conclusions 

Our analyses summarize the state of knowledge about fine root mortality and necromass as 

critical elements of the soil carbon cycle. Despite uneven global coverage and large variance 

in some factors, there appear to be broad latitudinal differences, correlating with climate 

indicators. I also detected some consistent differences between broadleaf and coniferous 

species. However, the main factors explaining the variability in mortality and necromass were 

productivity and live biomass, respectively. These correlated both with climatic as well as 

ecosystem parameters, suggesting that fine root longevity is relatively invariant for a given 

ecosystem, keeping productivity and mortality in balance. The allometric constraints also 

determine certain correlation of root necromass with mean plant age. In addition, plant age 

also contributed to the dynamics of fine root necromass. Experiments simulating the global 

change factors CO2 and drought consistently triggered a significant increase in fine root 

mortality and necromass, whereas the decrease due to fertilization was more variable across 

studies and did not emerge as statistically significant. The combined effect of these 

environmental factors suggests that the greatest change in carbon inputs to the soil can be 

expected in dry nutrient-poor regions, whereas mesic nutrient-rich mesic systems are expected 

to invest a smaller fraction of their assimilated carbon below ground. To gain a better 

mechanistic understanding of the controls of fine root necromass and mortality, future studies 

should use standardized methods of measuring fine root necromass and mortality for better 
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comparison and synthesis from studies around world. To evaluate the key controls of fine root 

mortality and climate change effects, more work across a broader range of forest ecosystems 

is needed.  
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Figure 4-1The process of fine root turnover and the factors that control fine root mortality. 

Yellow color text boxes are abiotic factors. Green color text boxes are biotic factors. 
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Figure 4-2. Analysis flow chart. 
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 g. SOIL DEPTH      h. ROOT DIAMETER 

 

Figure 4-3. a. The distribution of year conducting each study. The number of studies by b. 

species, c. climate zone, d. wood type, e. country, f. method, g. soil depth, h. root diameter. 
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Figure 4-4. fine root necromass (g m-2) and fine root mortality (g m-2 yr-1) showed on 

geographic map. Each dot represented a study, location was based on the geographic 

coordinate (latitude longitude) described in original studies.  Different colors indicate values 

in different groups. 
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Figure 4-5. Fine root necromass and fine root mortality estimates by climate zone, wood type, 

and method. Different letter represents statistically significant difference. Number represent 

the number of studies used in analysis. 
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Figure 4-6. Fine root necromass of boreal forest (A), temperate forest (B), softwood forest (C), 

and Hardwood forest (D) in relation to stand age. 
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Figure 4-7. Fine root necromass (A, B, C) and mortality (D, E, F) in relation to |latitude| (°), 

mean annual temperature (MAT, °C), and mean annual precipitation (MAP, mm yr-1). 
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Figure 4-8. The relationship between fine root necromass and live fine root biomass. The 

relationship between fine root mortality and production. The line represents the linear 

regression line. 
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Figure 4-9. a-b, fine root mortality by soil nutrients availability and atmosphere CO2 

concentration. c-e, fine root necromass by soil nutrients availability, atmosphere CO2 

concentration and soil water availability. Numbers indicate the number of studies used in 

analysis. Different letter represents statistically significant difference. 
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Figure 4-10. fine root biomass (g m-2) and fine root production (g m-2 yr-1) showed on 

geographic map. Each dot represented a study, location was based on the geographic 

coordinate (latitude longitude) described in original studies.  color indicates the value. 
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Figure 4-11. Live fine root biomass (Forbes et al.) and fine root necromass (Grey) (a, b, c), 

and fine root production (Forbes et al.) and mortality (Grey) (d, e, f) by climate zone, wood 

type and method. Numbers indicate the number of studies used in analysis. Different letter 

represents statistically significant difference. Values represent the mean with standard error. 
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CHAPTER 5.  CONCLUSIONS AND RECOMMENDATIONS 
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As climate change affects the environment, it has become critically important to understand 

how to improve estimates of C sequestration potential.  Forest soil has been regarded as a large 

potential sink for atmospheric C and it contains three times more C than in vegetation, and two 

times more C in the atmosphere (Lal 2004),  and has huge potential for further sequestering or 

releasing C into the atmosphere. Therefore, a better understanding of how soil C dynamics in 

response to a changing environment is urgently needed. 

1. Genotype effects on total belowground C flux. 

In the study of Chapter 2, total belowground C flux (TBCF), a large fraction of GPP (>30%), 

was quantified by measuring soil CO2 efflux, litterfall, forest floor and mineral soil over a one 

year period in a lower coastal plain loblolly pine plantation. The soil CO2 efflux of a broad 

crown ideotype was greater than two other clones with moderate crowns and an open pollinated 

genotype. However, I detected no statistically significant effects of genotype on TBCF and 

litterfall, suggesting differences in belowground C allocation were unlikely or of small 

magnitude. The C stored in the forest floor declined by 135 g C m-2 year-1 (19% of TBCF) 

during this study, suggesting most soil C input is quickly lost from the forest floor in this 

young, productive forest, possibly due to the weather conditions of the study year. A surprising 

finding, although statistically insignificant, was large changes in genotype-specific C in 

mineral soil over the one year measurement period, which remain unexplained. This is 

probably related to high spatial variability in mineral soil C of this lower coastal plain site 

(received bedding before planting). This variability in mineral soil C has implications for 

quantification of TBCF in future studies requiring special consideration of experimental design 

and sampling methodology. 



 

161 

2. Fertilization and drought effects on belowground C balance  

In the soil C balance study of Chapter 3, live fine root biomass and fine root necromass were 

quantified across different sites with respect to fertilization and throughfall reduction 

treatments for loblolly pine. Three methods (fine root decrement, decision matrix, and 

compartment flow) were used and compared in estimating fine root production and mortality. 

The ratio of heterotrophic respiration to detritus production was also evaluated to understand 

the fertilization and drought effects on soil C balance.  Our results showed that: 1) fertilization 

decreased live fine (LF) root biomass and increased coarse root biomass, and drought had no 

statistically significant effect on LF root biomass; 2) Fertilization and drought had no 

statistically significant effects on fine root mortality, but decreased Rh/detritus production 

ratio, indicating that decreased C loss from soil was not because of decreased fine root 

mortality, but potentially decreased decomposition rate, at least for fertilization treatment; 3) 

LF root biomass decreased during the fall season and was different across sites: GA had greater 

LF root biomass; and 4) There was significant variation in fine root mortality estimated by 

different methods.  Overall, reduction in precipitation potentially driven by climate change 

could decrease C loss from soil in loblolly pine forests in the southeastern US, and may 

sequester more C in soil if growth is stimulated by fertilization. 

1. Fine root mortality in response to the changing biotic and abiotic factors. 

A comprehensive literature review of fine root mortality in Chapter 4 synthesized 84 fine root 

mortality studies from the past 40 years, evaluated the variation of fine root mortality across 

climate zones and wood type, and explored relationships with environmental factors 

(temperature, precipitation, geographic location). Treatment effects of fertilization, drought, 

and elevated CO2 were also examined. Mean fine root necromass and mortality (< 2mm 
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diameter) was 286±29g m-2 and 318±49 g m-2 yr-1, respectively, at 30 cm depth in forest 

ecosystem. The amount of fine root necromass was likely affected by climate zone and wood 

type. Fine root necromass and mortality varied with latitude, temperature, precipitation, and 

age. Elevated CO2 and drought had significant effects on fine root necromass and mortality: 

greater fine root mortality and necromass occurred under elevated CO2, and increased fine root 

necromass under low water availability. Fine root mortality was strongly coupled to fine root 

production. My review has implications for further study to identify the key controls of fine 

root mortality and how fine root mortality changes in response the changing environment.  

More comprehensive and rigorous investigations of fine root mortality in response to 

environmental variable across species and soil are needed. More systematic, standardized and 

cooperative work across a broader range of forest ecosystems will contribute to a deeper 

understanding of soil C dynamics in forest ecosystems as components of the global C cycle. 

3. Implications and suggestions for future work 

Progress in understanding of soil C sequestration and cycling remains a major challenge as 

soils are complex and subject to interactions of physical, chemical and biological factors. Soil 

C dynamics vary across species, location, time and are affected by environmental factors such 

as temperature, precipitation, nutrients, air pollution, etc., and are highly dependent on above-

ground processes (Trumbore and Barbosa De Camargo 2009). To advance understanding of 

soil C balance, a few recommendations are: 

1. Comprehensive integrated assessment of soil C inputs through fine root mortality is 

limited. Uneven global coverage limits the confidence with which extrapolations from 

European and North American studies can be made.  
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2. A standardized and integrated methodology for studying soil C dynamics (e.g. fine root 

production and mortality) is needed. Diverse measurement and estimation methods 

currently used introduce variability and result in obstacles for synthesis and comparison 

at a large scale. Methodologies which have been proved inappropriate should be 

avoided in future studies.    

3. Linking experiments with process-based modeling and summarizing errors and 

uncertainties in experimental findings will help improve the design of experiments and 

improve interpretation helpful to upscaling (Reichstein and Beer 2008). A challenge is 

to develop a conceptual and predictive model that can reflect the change of fine root 

dynamics in response to environmental influences aboveground. 

4. The development and innovation of techniques and equipment for studying soil C and 

fine roots is needed to decrease high labor costs of currently used, less accurate 

methodology. Overcoming serious methodological and analytical problems is still a 

challenge (Norby and Jackson 2000). Cooperation between ecologist and engineers 

would help advance C dynamics studies. 

In short, more integrated and comprehensive studies on soil C cycling across environmental 

gradients will improve our understanding, and the ability to predict and mitigate effects of 

climate change on soil C cycling.  
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Appendix A (Chapter 2) 

i. Full experiment description.  

The full experiment was to study the impacts of spacing and silvicultural treatments on 

varieties with differing crown ideotypes. The study was established at three locations: two 

sites were established in 2009 in the southeastern United State (VA and NC), an additional 

site was established in 2010 in Brazil in the state of Santa Catarina. The treatments included 

2 silvicultural practices (operational practices and intensive practices), 6 different genetic 

entries, and 3 different planting spacing (250, 500, and 750 tree/acre). 
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ii. Experiment layout map. 

 

The 12 measurement plots are marked as rectangles with black outlines. Red- C1, Yellow-

C2, Green- C4, White-OP.  
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iii. Q10 value 

The Q10 value refers the temperature dependence of soil respiration. The value of Q10 is the 

factor by which the respiration rate differs for a temperature interval of 10 °C, and is defined 

as: 

𝑄10 =
𝑅𝑇+10

𝑅𝑇
 

where RT and RT+10 are respiration rates at temperatures of T and T+10, respectively. For the 

first-order exponential equation, which assumes Q10 is a constant over the temperature, the Q10 

value can be calculated as:  

𝑄10 = (𝑅2/𝑅1)10/(𝑇2−𝑇1) 

where R2 and R1 are respiration rates observed at temperature T2 and T1, respectively. 

 Q10 is then calculated as: 

𝑄10 = (𝑒𝐵𝑇2/𝑒𝐵𝑇1)10/(𝑇2−𝑇1)
 

𝑄10 = 𝑒10𝐵
 

where B is fitted parameter. 
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iv. Soil texture analysis 

Mineral soil clay content with standard error by genotype 

Genotype Clay Percentage (%) SE 

C1 9.48 1.04 

C2 10.72 2.97 

C4 10.39 1.11 

OP 14.77 3.93 

 

Mineral soil clay content with standard error by block 

block Clay Percentage (%) SE 

1 8.03 0.49 

2 19.36 2.51 

3 6.62 0.43 

 

Mineral soil clay content with standard error by soil depth 

Depth  Clay Percentage (%) SE 

0-15 9.08 1.20 

15-30 11.40 2.20 

30-45 13.53 2.90 

v. SAS code of statistical model and result 
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SAS code of model: 

class variety location rep month sample  

model flux=variety location sta5 logsm12/ddfm=kr solution;  

random rep rep*variety rep*variety*location sample(rep*variety*location); 

repeated /subject=sample(rep*variety*location) type=ar; 

 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

Variety 3 5.97 3.36 0.0965 

location 1 10.8 26.47 0.0003 

STA5 1 758 615.54 <.0001 

logsm12 1 958 24.00 <.0001 

 

Least Squares Means 

Effect Variety location Estimate Standard Error DF t Value Pr > |t| 

Variety C1   2.9170 0.2551 6.74 11.43 <.0001 

Variety C2   2.8349 0.2551 6.74 11.11 <.0001 

Variety C4   3.6995 0.2552 6.75 14.50 <.0001 

Variety OP   2.9176 0.2528 6.49 11.54 <.0001 

location   inter-row 2.6408 0.1891 3.18 13.96 0.0006 
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Least Squares Means 

Effect Variety location Estimate Standard Error DF t Value Pr > |t| 

location   row 3.5438 0.1891 3.18 18.74 0.0002 

 

vi. Coefficients of first order exponential model predicting R2 from soil 

temperature (5 cm depth) and consequent Q10. 

Genotype A B R2 Q10 

C1 1.101 (0.074) 0.061 (0.003) 0.59 1.832(0.063) 

C2 1.282 (0.084) 0.046 (0.003) 0.53 1.599(0.046) 

C4 1.385 (0.119) 0.058 (0.004) 0.49 1.784(0.072) 

OP 1.117 (0.098) 0.056 (0.004) 0.45 1.745(0.071) 

 

vii. Monthly Litterfall 

Monthly litterfall by genotype (g C m-2 yr-1); C1 (moderate crown, n=9), C2 

(moderate crown, n=9), C4 (broad crown, n=9), OP (open pollinated, n=9). Error 

bars represents standard errors of means (SEM). Litterfall of Sep collected the two 

months litterfall. 
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viii. Mineral soil C and N at two times.  

 C (%) N (%) 

Genotype Position Depth First Second First Second 

C1 Inter-row 1 4.7(0.6) 3.9(0.8) 0.17(0.03) 0.18(0.05) 

2 2.6(0.9) 1.9(0.7) 0.08(0.03) 0.06(0.02) 

3 1.1(0.3) 0.7(0.3) 0.04(0.01) 0.05(0.01) 

Within-row 1 2.9(0.6) 3.4(0.8) 0.14(0.05) 0.13(0.03) 

2 2.1(0.6) 2.3(0.5) 0.08(0.02) 0.09(0.02) 
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3 0.9(0.3) 1.1(0.3) 0.03(0.01) 0.06(0.01) 

C2 Inter-row 1 3.4(0.8) 3.8(0.7) 0.12(0.03) 0.14(0.03) 

2 1.4(0.3) 2.1(0.5) 0.05(0.01) 0.08(0.02) 

3 0.5(0.2) 0.7(0.1) 0.03(0.01) 0.04(0.00) 

Within-row 1 3.5(1.0) 2.6(0.6) 0.11(0.04) 0.10(0.02) 

2 2.7(0.7) 2.6(0.8) 0.09(0.02) 0.09(0.03) 

3 0.8(0.2) 0.7(0.2) 0.03(0.00) 0.04(0.00) 

C4 Inter-row 1 3.3(1.0) 4.2(1.0) 0.11(0.03) 0.20(0.06) 

2 0.8(0.1) 1.3(0.4) 0.03(0.00) 0.12(0.05) 

3 0.3(0.1) 1.6(0.9) 0.03(0.00) 0.07(0.02) 

Within-row 1 3.1(0.8) 2.4(0.6) 0.10(0.02) 0.09(0.02) 

2 1.7(0.5) 1.3(0.1) 0.12(0.06) 0.05(0.00) 

3 1.2(0.5) 0.8(0.2) 0.04(0.01) 0.05(0.00) 

OP Inter-row 1 5.5(0.8) 3.5(0.6) 0.19(0.03) 0.13(0.02) 

2 2.8(0.7) 1.5(0.5) 0.09(0.02) 0.08(0.02) 

3 2.4(1.3) 1.0(0.2) 0.08(0.03) 0.06(0.01) 

Within-row 1 2.5(0.6) 2.8(0.5) 0.09(0.02) 0.10(0.02) 

2 1.3(0.3) 1.0(0.2) 0.05(0.01) 0.05(0.01) 

3 0.7(0.2) 0.5(0.1) 0.03(0.01) 0.05(0.00) 
 

 

  



 

174 

Appendix B (Chapter 3) 

I. Fine root biomass in two times of sampling (S1 and S2). 

The rank of fine root biomass by treatment was also different between two sampling events. 

VA site had greater LFR biomass than the other sites. The LFR biomass was 120.4 ± 6.0, 

140.4 ± 13.9, and 242.3 ± 13.0 g m-2 for GA, OK, and VA site, respectively. Both 

fertilization and drought has significant effect on the LFR biomass in VA site. No 

interaction effects between location, sampling time, and treatment was observed.  
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Figure. LFR biomass of two times of sampling at three sites by treatment. S1 is first time 

sampling in the late growing season. S2 is the second-time sampling in the dormant 

season.   
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Live fine root biomass by site (VA, GA, OK) 

a. VA site 

The only site had statistical significant effect of drought and fertilization on LFR 

biomass was VA. Drought (268.6 ± 19.9 g m-2) increased LFR biomass (P=0.04) 

compared to ambient water availability plot (216.0 ± 16.1 g m-2), fertilization decrease 

LF biomass (P=0.02). There was no statistical significant change of LF biomass 

between two sampling times. No statistical significance interaction effect between 

fertilization, drought, and time.  

 

Figure 2. LFR biomass of VA site. 
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Table a. LFR biomass at VA site. 

 S1 S2 

Treatment Biomass (g m-2) SE Biomass (g m-2) SE 

C 276.94 23.57 209.20 48.40 

D 329.09 33.51 270.98 48.85 

F 214.45 18.51 163.47 24.79 

FD 194.92 15.54 279.59 46.90 

 

b. GA site 

Fertilization had a trend of decreasing LFR biomass in GA, However, the effect was 

not statistical significant (P=0.1). There was no statistical significant change of LF 

biomass between two sampling times. No statistical significance effect of drought and 

fertilization on LFR biomass at GA site. 
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Figure 3. LFR biomass of GA site. 

Table b. LFR biomass at GA site. 

 S1 S2 

Treatment Biomass (g m-2) SE Biomass (g m-2) SE 

C 137.35 11.07 133.76 20.04 

D 131.88 22.08 117.63 18.59 

F 120.90 16.77 114.87 15.49 

FD 98.20 15.84 108.76 16.78 

 

 

c. OK site 
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Fertilization had a tendency of reducing LFR biomass at OK site (P=0.08). The LFR 

biomass decreased in S2 compared to S1(P=0.07). The effect of drought on LFR 

biomass was not statistical significant.  

 

Figure 4. LFR biomass of OK site. 
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Table c. LFR biomass at OK site. 

 S1 S2 

Treatment Biomass (g m-2) SE Biomass (g m-2) SE 

C 242.60 75.09 121.36 16.75 

D 140.33 15.47 160.14 28.52 

F 97.60 33.47 86.14 21.58 

FD 186.18 58.39 97.11 16.60 

 

 

Live coarse root biomass 

Fertilization (P=0.03) and site (0.001) had statistical significance effect on live coarse (LC) 

root biomass. Elevated nutrients availability increased LC root biomass: 826.4 ± 158.6 g m-2 

and 462.0 ± 54.7 g m-2 for elevated and ambient nutrients availability plot, respectively. The 

LC root biomass in OK site (1078.6 ± 235.8 g m-2) was much greater than the other two sites 

(434.8 ± 63.7 g m-2 and 425.5 ± 55.9 g m-2 for GA and VA, respectively). However, a 

significant interaction effect between fertilization and site had found (P=0.02): The significant 

effect of fertilization effect on LC root biomass was only found in OK site.  
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II.  Changes of LFR biomass (g m-2) (S2-S1) by treatments and sites. 

 S2-S1 biomass 

Treatment GA OK VA 

C -3.58(35.68) -119.26(120.17) -67.74(76.74) 

D -14.25(32.58) 19.81(31.01) -58.12(70.49) 

F -6(22.01) -11.46(28.24) -50.97(38.78) 

FD 10.57(28.95) -89.07(91.42) 84.68(78.83) 

 

III. Changes of DFR biomass (g m-2) (S2-S1) by treatments and sites. 

 S2-S1 biomass 

Treatment GA OK VA 

C 31.85(20.14) -2.82(17.48) -45.80(10.95) 

D 35.76(16.23) -25.90(11.82) -17.94(18.75) 

F 31.40(27.02) -18.66(10.56) -34.44(19.06) 

FD 4.31(20.19) -35.53(16.84) -24.96(7.32) 

 

IV. Fine root mortality (S1 to S2) and annual fine root mortality 

The fine root mortality value (19.8 ± 2.7 g m-2 on average) calculated by different methods 

were statistical significant different (P=0.0004). It was 21.8 ± 5.5, and 31.6 ± 5.3, 6.1 ± 1.6 g 

m-2 for the LFR biomass decrement method, decision matrix method, and compartment flow 
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method. Fine root mortality in control plot (31.1 ± 7.3 g m-2) was greater than plots with 

treatment (P=0.06). No statistical significant effect of drought, fertilization, and site on fine 

root mortality was observed.  

Method 1: LFR biomass decrement. 

The treatment of drought (18.0 ± 7.2 g m-2) and fertilization (16.1 ± 6.5 g m-2) has the tendency 

of decreasing fine root mortality at ambient water (25.6 ± 8.3 g m-2) and ambient nutrients 

(27.1 ± 8.8 g m-2) availability status.  However, the effect was not statistical significant. The 

combination of drought and fertilization had the lowest mean fine root mortality at each site 

except in OK.  The mean fine root mortality at GA (9.9 ± 3.1 g m-2) was lower than the other 

two sites which were 28.2 ± 13.8 and 27.3 ± 8.1 g m-2 in OK and VA site, respectively(P=0.1). 

Method 2: Decision matrix  

In the ANOVA statistic, no statistical significance effect of drought or fertilization on fine root 

mortality had been found (also in individual sites ANOVA analysis). However, there was 

statistical significance interaction effect of drought by fertilization on fine root mortality 

(P=0.03).  Which indicated the effects of fertilization was different in drought treatment plot, 

compared to ambient soil water availability plot.  Fertilization (17.3 ± 4.9 g m-2) and drought 

(22.4 ± 7.9 g m-2), both had the tendency of decreasing fine root mortality (48.3 ± 13.5 g m-2 

in control plot), but either of them seems increased fine root mortality when combined with 

the other (38.4 ± 12.8 g m-2), compared to without combination. The mean fine root mortality 

at GA (17.9 ± 3.0 g m-2) was lower than the other two sites (32.6 ± 13.2 g m-2 and 44.3 ± 7.9 

g m-2 in OK and VA, respectively) (P=0.1). 

Method 3: Compartment flow method. 



 

182 

Fine root mortality calculated by compartment flow method was 6.1 ± 1.6 g m-2 on average. 

The treatment of drought and fertilization has the tendency of decrease fine root mortality but 

the effects were not significant. Fine root mortality was different across site (P=0.0004). Fine 

root mortality at GA (14.7 ± 3.5 g m-2) was greater than at OK (2.3 ± 1.5 g m-2) and VA (1.3 

± 1.0 g m-2) sites, which was on the contrary of the one calculated by the other two methods. 

The fine root mortality values of OK and VA sites dropped a lot in this method comparing to 

the other two methods, indicating the big differences made by the different calculation 

methods.  The combination of drought and fertilization had the lowest mean fine root mortality 

(2.8 ± 2.0 g m-2) at each site.   

 Fine root mortality (g m-2) in the period of two time samplings by treatments and sites. 

a. Fine root decrement method 

 Mortality 

Treatment GA OK VA 

C 10.2(9.9) 58.7(42.4) 42.5(16.4) 

D 14.0(4.8) 6.7(6.7) 30.7(24.3) 

F 8.2(3.6) 9.5(9.5) 24.7(12.3) 

FD 7.4(7.4) 37.9(35.7) 11.4(11.4) 

 

b. Decision matrix method 

 Mortality 

Treatment GA OK VA 

C 21.9(4.7) 65.2(39.6) 57.9(8.3) 
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D 14.3(6.5) 19.3(6.5) 33.7(23.1) 

F 17.1(8.2) 5.9(2.2) 28.9(10.0) 

FD 18.2(5.8) 40.1(35.0) 56.7(17.4) 

 

c.  Compartment flow method 

 Mortality 

Treatment GA OK VA 

C 16.9(7.4) 6.1(5.9) 0(0) 

D 16.5(6.3) 1.4(1.4) 4.0(4.0) 

F 17.4(10.2) 1.6(1.6) 0.7(0.6) 

FD 8.0(5.4) 0(0) 0.4(0.4) 
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 Annual fine root mortality by treatments calculated by three different methods in sites. 

 Annual fine root mortality (g C m-2 year-1) 

 Compartment flow Matrix Live fine root 

decrement 

Treatment GA OK VA GA OK VA GA OK VA 

C 52.8 

(23.2) 

19.1 

(18.3) 

0 (0) 68.4 

(14.7) 

203.7 

(123.7) 

196.6 

(29.3) 

31.9 

(30.9) 

183.5 

(132.5) 

132.5 

(72.4) 

D 51.6 

(19.7) 

4.4 

(4.4) 

12.6 

(12.6) 

44.7 

(20.3) 

60.3 

(20.4) 

105.2 

(72.3) 

43.8 

(15.0) 

21.0 

(21.0) 

95.9 

(75.8) 

F 54.4 

(31.7) 

5.1 

(5.1) 

2.3 

(2.0) 

53.3 

(25.7) 

18.6 

(7.1) 

90.4 

(31.3) 

25.6 

(11.2) 

29.5 

(29.5) 

77.1 

(38.5) 

FD 24.9 

(16.9) 

0 (0) 1.3 

(1.3) 

56.9 

(18.2) 

125.4 

(109.3) 

177.3 

(54.5) 

23.1 

(23.1) 

118.4 

(111.6) 

35.7 

(35.7) 

 

 

V. ANOVA analysis of drought and fertilization effect on Rh across site. The SAS 

code and result are shown below. 

    

/*procmixed*/ 

   ods graphics on; 

   proc mixed data=rh covtest plots=all; 

   class StudyID rep drought fert ; 
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   model rh=StudyID|drought|fert ; 

   random rep; 

   lsmeans StudyID|drought|fert / cl ; 

   run; 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

StudyID 2 32 16.15 <.0001 

drought 1 32 16.01 0.0003 

StudyID*drought 2 32 2.43 0.1039 

fert 1 32 4.40 0.0440 

StudyID*fert 2 32 2.52 0.0965 

drought*fert 1 32 0.19 0.6692 

StudyID*drought*fert 2 32 1.16 0.3275 
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Annual Rh with standard error by treatments and sites. 

 Rh (g C m-2 year-1) 

Treatment GA OK VA 

C 519.3(74.3) 880.9(54.4) 823.0(49.8) 

D 512.2(31.4) 778.5(58.3) 577.9(46.1) 

F 620.4(104.3) 687.6(45.8) 749.8(40.3) 

FD 446.7(71.2) 649.1(58.9) 527.9(31.9) 

 

VI.  ANOVA analysis of drought and fertilization effect on litterfall across site. The 

SAS code and result are shown below. 

/*ANOVA of litterfall*/ 

   ods graphics on; 

   proc mixed data=data_5 covtest plots=all; 

   class StudyID rep fert drought ; 

   model annualweight=StudyID|fert|drought ; 

   random rep; 

   lsmeans StudyID|fert|drought / adjust=tukey cl ; 

  run; 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

StudyID 2 33 25.98 <.0001 
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Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

fert 1 33 22.18 <.0001 

StudyID*fert 2 33 1.27 0.2930 

drought 1 33 7.53 0.0097 

StudyID*drought 2 33 3.58 0.0391 

fert*drought 1 33 2.00 0.1663 

StudyID*fert*drought 2 33 2.14 0.1337 
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Annual litterfall with standard error by treatments and sites. 

 Litterfall (g C m-2 year-1) 

Treatment GA OK VA 

C 202.86(3.82) 286.26(3.62) 229.43(5.18) 

D 174.51(3.30) 231.94(3.09) 228.79(4.81) 

F 255.59(4.38) 282.42(3.32) 246.51(5.33) 

FD 215.84(3.33) 282.84(3.57) 260.27(5.57) 
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Appendix C (Chapter 4) 

 

I. ANOVA results of climate zone, wood type, and method effect on fine root 

necromass and mortality. 

Fine root necromass 

 

Fine root mortality 

 

 

 

II. ANOVA results of fertilization, nutrients, CO2 concentration on fine root mortality 

and necromass, respectively.  

Fertilization: 

Mortality 
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Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

nutrients 1 3 0.13 0.7452 

studyID 3 0 6.90 . 

nutrients*studyID 3 3 0.35 0.7913 

 

Necromass 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

nutrients 1 34 3.61 0.0660 

studyID 6 0 70.83 . 

nutrients*studyID 6 34 6.27 0.0002 

 

Elevated CO2 

Mortality: 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

elevated CO2 1 30 5.78 0.0226 

studyID 2 0 5.19 . 

elevated CO2*studyID 2 30 0.85 0.4394 

 

Necromass: 
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Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

elevated CO2 1 42 9.85 0.0031 

studyID 1 0 59.62 . 

elevated CO2*studyID 1 42 8.90 0.0047 

 

Drought: 

Mortality 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

studyID 1 0 0.00 . 

dry 1 8 0.75 0.4113 

studyID*dry 1 8 0.02 0.8847 

 

Necromass 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

studyID 2 0 116.96 . 

dry 1 29 16.54 0.0003 

studyID*dry 2 29 5.80 0.0076 

 

III. ANOVA result of climate zone, wood type, and method effect on live 

biomass/necromass ratio 



 

192 

 

Type 3 Tests of Fixed Effects 

Effect Num DF Den DF F Value Pr > F 

wood_type_1 3 304 1.31 0.2723 

climate_zone 2 304 2.62 0.0746 

wood_type*climate_zo 4 304 4.51 0.0015 

method 2 304 1.26 0.2852 

wood_type_1*method 0 . . . 

climate_zone*method 1 304 3.16 0.0763 

wood_t*climat*method 0 . . . 
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Appendix D. Records in the field and lab 

CP2: Total below ground carbon flux in four loblolly pine (Pinus taeda L.) genotypes on the 

North Carolina Coastal Plain 

 

 
Left: Weeds cleaning before measuring TBCF. Right: Install collars on the ground for soil 

respiration measuring at Bladen Lakes, NC. 

 

 
Left: A 30 cm diameter soil collar. Middle: Li-cor 8100 used to measure soil respiration. 

Right: A litterfall collector. 
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Left: A collar sitted in water and Right: The site trail was flooded after a strom in March, 

2015 at Bladen Lakes, NC. 

 

 

  

   
 

Top-Left: Soil samples collected from the field. Tope-Right: Soil samples after griding and 

sieving, which are ready for C/N measuring. Bottom-Left: A mineral soil sample, and 

Bottom-Middle: a forest floor litter sample for evalulating carbon concentration. Bottom-

Right: CHNS Analyzer 2400 used to measure C concentration. 



 

195 

 
Left: took one last look. Right: Removed litterfall collecters and soil collars from Bladen 

Lakes site.  
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CP3: Fertilization and throughfall exclusion impacts on belowground carbon balance. 

 

  
Left: Roots sampling and. Right: the rainfall exclusion structures at Pinemap Tier 3 VA site. 

 

  
Left: Fine roots and Right: Coarse roots of loblolly pine. 

 


