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Abstract

Soil respiration (RS) is the sum efflux of CO2 from soil derived from the metabolic

activity of autotrophs and heterotrophs in the litter layer, root-affected soil (rhizosphere),

and bulk soil. Soil respiration exhibits a strong influence on the carbon balance of forests;

specifically, the heterotrophic respiration (RH) component can be weighed against all carbon

assimilation, or net primary productivity (NPP), to estimate the carbon sink or source status

of forested ecosystems. Soil respiration varies both temporally and spatially as environmental

and ecological factors influence the individual components of RS to varying degrees, and

these dynamics of RS have been studied in diverse ecosystems across the globe. However,

RS has been relatively understudied in longleaf pine (Pinus palustris Mill.) forests, which

are being restored throughout the southeastern United States for a myriad of ecosystem

services, including rare species habitat. This research project was conducted in diverse

longleaf pine forests to increase our understanding of longleaf pine RS dynamics, including

the temporal and spatial variation in RS and the ecological factors affecting said variation

and the proportion of total RS derived from heterotrophs. The intra-annual variation in RS

was measured from January 2012 through January 2013 across four diverse longleaf pine

stands varying in age and structure, and the spatial variation of RS in a 64-year-old longleaf

pine forest was measured in July and August 2012. Concurrent measurements of the soil

environment (soil temperature and moisture) and ecological factors (e.g. litter mass, distance

to and diameter of nearby trees, root biomass) were made to determine how these factors

influenced the temporal and spatial variation in RS. Soil respiration was positively related to

soil temperature on an intra-annual basis with a corresponding temperature sensitivity (Q10)

of 2.18; however, soil temperature did not influence the spatial variation in RS in the 64-year-

old longleaf pine stand. The value of Q10 was decreased during periods of drought-like soil
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conditions, and soil moisture also influenced the spatial variation of RS by homogenizing RS

variability in the wettest areas and decreasing RS where soil conditions approached saturated

levels. Litter mass and nearby trees increased RS on both a temporal and a spatial basis;

however, the influence of these variables on the intra-annual variation in RS was marginal

after first isolating the effect of soil temperature. Understory cover was correlated with the

temporal variation in RS, but confounded with the seasonal influence of soil temperature,

and forb cover was the only cover category related to the spatial variation in RS. Live

fine root biomass was negatively related to the intra-annual variation in RS and positively

related to the spatial variation in RS, and dead root biomass was negatively related to

the spatial variation in RS and not related to the temporal variation in RS. Finally, RS

was partitioned into its autotrophic and heterotrophic components by means of small root

exclusion tubes installed in three 26-year-old longleaf pine forests during the growing season

of 2013. The presence of root exclusion tubes, when compared to adjacent control soil,

significantly decreased RS and live root biomass, and increased dead root biomass after

102–104 days of incubation. The corresponding estimates of the proportion of RH to total

RS were 61 to 82 %, with the lowest ratio estimates after correcting for the initial within-

block, pre-treatment variation in RS and CO2 lost due to root decay. This research provides

a comprehensive view of the spatial and temporal variation in RS and an estimate of the

proportion of total RS resulting from heterotrophic activity in longleaf pine forests located

centrally within their native range.
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1.1 Background

Within a forested ecosystem, atmospheric carbon (as CO2) is fixed through photosyn-

thesis and released through respiration, oxidation, or organic transport (Fig. 1.1). Generally,

photosynthesis is a biochemical process whereby CO2 diffuses into mesophyll tissues within

a leaf and is reduced into organic compounds (photosynthates) with the aid of enzymes

and chemical energy harnessed from sunlight (Taiz and Zeiger, 2010). The total amount

of carbon fixed through photosynthesis is called gross primary productivity (GPP) (Lovett

et al., 2006). The recently fixed photosynthates follow source-sink pathways within the

photosynthesizing vegetation, traveling from the location of production (source) to above-

or belowground sink tissues (Lacointe, 2000). Photosynthate metabolism oxidizes organic

carbon into CO2 and releases energy, which is utilized for cellular growth or maintenance.

The metabolic oxidation of organic carbon into CO2 is referred to as respiration, a pro-

cess common to all living organisms. Carbon fixed through GPP minus the CO2 released

from autotrophic respiration is net primary productivity (NPP) (Lovett et al., 2006). The

CO2 released by activity of heterotrophs, including grazers of live plant tissue, carnivores

of live animal tissue, and detritivores of dead organic matter, is collectively referred to a

heterotrophic respiration. Carbon that is not decomposed by heterotrophs can accumulate

in above- and belowground biomass and in soil, be exported from the system, or be oxidized

by fire. Net ecosystem productivity (NEP), which is used to estimate overall carbon balance

of the forest, is thus calculated as above- and belowground NPP minus total heterotrophic

respiration (Lovett et al., 2006; Irvine et al., 2007).

The environmental and ecological factors that affect the carbon balance of a forest

are difficult to discern as these factors affect photosynthesis, heterotrophic respiration, and

autotrophic respiration to varying degrees. Some ecological factors affect both photosyn-

thesis and respiration. For instance, plant mortality directly decreases photosynthesis and

autotrophic respiration, but stimulates heterotrophic respiration by detritivores (Harmon

et al., 2011). On the other hand, plant growth and health stimulates both carbon fixation
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through photosynthesis and carbon release through growth respiration (Reichstein et al.,

2013). A study across a latitudinal gradient in Europe demonstrated that while latitude

does not significantly affect photosynthesis directly, the role of respiration on ecosystem car-

bon balance does vary by latitude (Valentini et al., 2000). The authors suggested that the

effect of latitude on carbon balance was due to: higher soil organic matter in boreal biomes;

an accelerated effect of climate change in northern latitudes; more drought limitations to

respiration in southern latitudes; and/or an increase in temperature sensitivity (Q10, the rate

of increase in respiration for a 10 ◦C increase in temperature). Net ecosystem productivity

can also be affected by forest age. Humphreys et al. (2006) found that young Pseudotsuga

menziesii (Mirb.) Franco (Douglas-fir) stands were always a carbon source (i.e., negative

NEP); medium-aged forests were either sinks or sources of carbon depending on season; and

old-growth forests were the strongest sink (attributed to high leaf area index).

Soil respiration (RS) is the largest individual flux of CO2 out of forested ecosystems

and is a product of the combined activity of both heterotrophs and autotrophs (Raich and

Nadelhoffer, 1989). Photosynthates that have been allocated to the roots may follow many

fates, including being directly metabolized by root tissues, allocated to mycorrhizae asso-

ciated with root tissues, released as exudates into the rhizosphere (i.e., root-affected soil),

or translocated acropetally to other sink tissues (van Hees et al., 2005; Aubrey and Teskey,

2009). Autotrophic soil respiration (RA) is composed of the respiration by root tissues and

the relatively small autotrophic bacteria population within surface soils. Heterotrophic soil

respiration (RH) is derived from the metabolism of heterotrophs within the litter layer, rhi-

zosphere, and the root-free bulk soil. Substrates for RH include living tissue (including plant,

microbial, and fungal), leaf litter, dry and wet deposition, buried course woody debris, de-

tritus, recalcitrant soil organic matter, and labile carbon molecules released by roots into

the rhizosphere (i.e., exudates) (van Hees et al., 2005; Taiz and Zeiger, 2010). The close

association between plant roots and heterotrophs is complicated by the rhizosphere priming

effect, whereby heterotrophic metabolism of labile photosynthates in the rhizosphere can
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increase the rate of recalcitrant metabolism of soil organic matter by heterotrophs present

in bulk soil (Zhu and Cheng, 2011).

Within a forest, RS varies at both temporal (annual, seasonal, and diurnal) and spa-

tial scales. Factors affecting belowground processes both directly (e.g., soil temperature,

moisture, soil carbon quality, and root activity), and indirectly (e.g., litter mass, soil mi-

cronutrients, soil texture, aboveground productivity, and topography), all influence RS and

its heterotrophic and autotrophic components to varying degrees (van Hees et al., 2005;

Maier et al., 2010). Field studies of RS are designed to determine the individual influences

of these environmental and ecological variables on the temporal and spatial variation of

soil respiration. Total ecosystem respiration is often measured with eddy covariance flux

systems, which provide continuous estimates of CO2 fluxes across the canopy-atmosphere

interface (Baldocchi, 2003). Soil respiration, on the other hand, is most often measured in

the field with semi-portable or portable infrared gas analyzers. Specifically, for the studies

described within this dissertation, RS was measured with a LI-COR 6400-09 Soil CO2 Flux

Chamber attached to the infrared gas analysis sensor head of the LI-6400 system (LI-COR

Biosciences, Lincoln, NE). A full description of the equations used to measure soil CO2 efflux

are reported in Appendix A.

Forested ecosystems are an important component of the global carbon budget; about

25 % of annual global carbon flux is to terrestrial land sinks with over half of terrestrial car-

bon stored within forested ecosystems (FAO, 2001; Reichstein et al., 2013; Le Quéré et al.,

2014). In North America, 34 % of the land is forested (67.8 million ha) which composes 17 %

of the world’s forests by area (FAO, 2011). Soil carbon in forested ecosystems constitutes

over 63 % of the total temperate forest carbon stock in the United States (FAO, 2001). Tem-

perate forests, such as those in the southeastern US, account for approximately one-third of

carbon accumulation globally (Pan et al., 2011). Longleaf pine (Pinus palustris Mill.) na-

tively ranged from southeastern Virginia to eastern Texas (Fig. 1.2); however, degradation

of native longleaf pine forests has occurred due to anthropogenic fire suppression, logging,
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and turpentine harvesting (Noss, 1988). Although still a part of the landscape of the south-

eastern US, the ecophysiology of longleaf pine forests, particularly soil carbon processes,

is understudied relative to other southeastern temperate conifers (Samuelson et al., 2014).

Longleaf pine forests are characterized by a relatively open canopy structure (Hedman et al.,

2000), a diverse understory of native grasses, shrubs, herbaceous vines and forbs (Brudvig

and Damschen, 2011), and a reliance on fire for hardwood exclusion and seedling germination

(Gilliam and Platt, 1999; McGuire et al., 2001). Due to the unique nature of longleaf pine

forests, our understanding of the soil carbon dynamics of other southeastern conifers may

have little bearing in these ecosystems. Thus, the overarching goal of this research was to

comprehensively examine the dynamics of longleaf pine RS.

1.2 Study Overview and Objectives

The overall objectives of this research were to: (1) quantify the temporal and spatial

variation in RS across diverse longleaf pine forests; (2) explore the relationships between

environmental and ecological factors and RS at temporal and spatial scales; and (3) estimate

the heterotrophic and autotrophic proportions of longleaf pine RS using a root exclusion

technique. To meet these objectives, three studies were completed within longleaf pine

forests of western Georgia and eastern Alabama, USA (Fig. 1.2; Table 1.1). The first two

studies were conducted within Fort Benning Military base near Columbus, Georgia. In the

first study, RS and related environmental variables were measured monthly from January

2012 through January 2013 in four longleaf pine stands varying in age and structure in order

to determine the drivers of the intra-annual variation of longleaf pine RS. The second study

was completed within a 64-year-old longleaf pine forest within the base and designed to

isolate the spatial variation of RS and related environmental variables while controlling for

the effects of temperature and phenology. The final study was completed in three 26-year-old

longleaf pine stands on The Nature Conservancy Land near Geneva, Georgia. This study
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partitioned RS into its autotrophic and heterotrophic components with the use of small-

diameter root exclusion tubes, which were installed in May 2013. From May 10 to August

26, 2013, bi-weekly measurements of RS were taken from within the root exclusion pipes

and at nearby control soil to determine the basal heterotrophic respiration rate of the soil

without live root activity.
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Le Quéré, C., G. P. Peters, R. J. Anders, R. M. Andrew, T. A. Boden, P. Ciasis, P. Friedling-

stein, R. A. Houghton, G. Marland, R. Moriarty, S. Sitch, P. Tans, A. Arneth, A. Arvanitis,

D. C. E. Bakker, L. Bopp, J. G. Canadell, L. P. Chini, S. C. Doney, A. Harper, I. Har-

ris, J. I. House, A. K. Jain, S. D. Jones, E. Kato, R. F. Keeling, K. Klein Goldewijk,
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Figure 1.1: Schematic of the carbon cycle of a forested ecosystem adapted from Lovett et al.
(2006). Carbon is brought into the ecosystem by photosynthesis (Ps) as gross primary pro-
ductivity (GPP), then cycled within above- and belowground organisms, and finally released
through respiration, oxidation, or export. NPP, net primary productivity; Rea: autotrophic
ecosystem respiration; Reh: heterotrophic ecosystem respiration; NEP: net ecosystem pro-
ductivity; Corg: organic carbon.
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Figure 1.2: The extent of the native range of longleaf pine digitized by the USGS Geosciences
and Environmental Change Science Center from Littel, Jr. (1971) (left). Study locations in
respect to Fort Benning Military Base, labeled by stand age and symbolized by dissertation
study (right).
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Table 1.1: Overview of the eight longleaf pine forests used in these studies.
Age Coordinates Managed Study Chapter
(yrs) W N by Number

5 -84◦ 52.265’ 32◦ 23.999’ Fort Benning 1 2
12 -84◦ 46.622’ 32◦ 22.353’ Fort Benning 1 2
21 -84◦ 47.550’ 32◦ 23.373’ Fort Benning 1 2
87 -84◦ 47.112’ 32◦ 21.967’ Fort Benning 1 2
64 -85◦ 0.514’ 32◦ 19.142’ Fort Benning 2 3
26 -84◦ 36.039’ 32◦ 34.469’ The Nature Conservancy 3 4
26 -84◦ 31.371’ 32◦ 34.716’ The Nature Conservancy 3 4
26 -84◦ 30.117’ 32◦ 34.706’ The Nature Conservancy 3 4
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Chapter 2

Intra-annual variation of soil respiration across four heterogeneous longleaf pine forests in

the southeastern United States
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2.1 Abstract

Soil respiration (RS) is the largest flux of CO2 from forested ecosystems and is related

to both soil climate and plant-driven substrate supply at various spatial and temporal scales.

Relationships between the intra-annual variation in RS and abiotic and biotic variables were

examined across diverse longleaf pine (Pinus palustris Mill.) forests to better understand

factors related to RS in these low density, spatially heterogeneous forests. Soil respiration,

soil temperature, soil moisture, litter mass, size and proximity of nearby trees, understory

cover, and root biomass were measured over 13 months in four longleaf pine forests vary-

ing in age from 5 to 87 years of age and in forest structure. The exponential relationship

between RS and soil temperature accounted for over 70 % of the intra-annual variation in

RS with a corresponding temperature sensitivity (Q10) of 2.18. Soil moisture affected the

RS-temperature relationship by dampening RS and Q10 during times of extremely dry soil

conditions, as defined by soil moisture ≤ 50 % of the texture-derived wilting point, but volu-

metric soil moisture did not directly correlate with RS. The intra-annual variation in RS was

positively related to litter mass and understory cover and negatively related to distance to

nearest tree and very fine non-pine root biomass, and these vegetation variables accounted

for 6 to 15 % more variation in RS beyond the RS-temperature relationship. Annual RS esti-

mates ranged from 12.3 Mg C ha−1 in the 5-year-old stand with mostly grass stage seedlings

to 13.9 Mg C ha−1 in the 87-year-old stand. This study contributes to our understanding of

carbon fluxes across diverse longleaf pine ecosystems and indicates the importance of cli-

mate and net primary productivity in determining the carbon sink potential of southeastern

longleaf pine forests.

15



2.2 Introduction

The efflux of CO2 from soil, or soil respiration (RS), is the dominant flux of CO2 from

forests and determines whether forests are carbon sources or sinks (Raich and Nadelhof-

fer, 1989; Gaumont-Guay et al., 2006). Intra-annual patterns of RS generally follow soil

temperature and the relationship between RS and soil temperature has implications for car-

bon modeling of forested ecosystems, as it is the most commonly used model to calculate

annual RS (Bahn et al., 2010; Gomez-Casanovas et al., 2013). However, the temperature

sensitivity of RS (Q10) has been shown to vary by forest type and age, latitude, and season

(Knorr et al., 2005; Zhou et al., 2009; Mahecha et al., 2010; Subke and Bahn, 2010), and the

RS-temperature relationship may be affected by interactions with other biotic and abiotic

factors that directly influence the autotrophic and heterotrophic components of RS (Chen

et al., 2011; Metcalfe et al., 2011). For example, soil moisture may affect RS in a parabolic

manner by limiting root and microbial activity in the soil at low soil moisture levels and re-

stricting CO2 diffusivity at high soil moisture levels (Orchard and Cook, 1983; Maier et al.,

2010). But an effect of soil moisture is often only detected when field studies capture soil

moisture levels low enough to be limiting to RS or when RS measurements are frequent

enough to discern rapid responses of RS to soil moisture fluctuations (Palmroth et al., 2005;

Ford et al., 2012). In addition to soil temperature and moisture, RS may also be affected

by the proximity of nearby trees (Clinton et al., 2011), the amount and type of vegetation

cover (Ma et al., 2005; Tjoelker et al., 2005; Fleming et al., 2006; Metcalfe et al., 2011),

litterfall (Samuelson and Whitaker, 2012; Oishi et al., 2013), and amount and diversity of

root functional groups (i.e., mycorrhizae-infected pine roots versus non-pine roots) (Tjoelker

et al., 2005; van Hees et al., 2005; Metcalfe et al., 2011). The effect of many biotic variables,

such as vegetation cover, litter mass, and root biomass, are coupled with seasonal increases

in soil temperature; therefore, the temperature-independent influence of these variables on

RS can be difficult to quantify.
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Soil respiration has been well studied in loblolly pine (Pinus taeda L.), the dominant

plantation species in the southern United States, on a variety of sites throughout its range

and under varying resource availability and forest management regimes (Samuelson et al.,

2004; Wiseman and Seiler, 2004; Palmroth et al., 2005; Samuelson et al., 2009; Noormets

et al., 2010; Oishi et al., 2013; Novick et al., 2014; Tyree et al., 2014; Heim et al., 2015).

In contrast, relatively less is known of RS in longleaf pine (P. palustris Mill.) forests. Lon-

gleaf pine forests were once common throughout the southeastern US (Noss, 1988), and

are being actively restored throughout their native range (Hendricks et al., 2006; Brock-

way et al., 2014). In comparison to intensively managed southern pine plantations, longleaf

pine forests are typically longer-lived, lower density stands that support high understory

vegetation plant cover and species richness, and are managed with frequent prescribed fires

to reduce hardwood succession, maintain spatial heterogeneity of the canopy, and promote

natural regeneration and native plant diversity (Hedman et al., 2000; Hiers et al., 2003;

Mitchell et al., 2006; Archer et al., 2007; Lavoie et al., 2012). Longleaf pine forests are also

unique in that they have a relatively open coniferous canopy with a diverse grassland-like

understory, and thus may be placed on the spectrum between conifer forests, which have

relatively lower RS than deciduous forests, and grasslands, which have relatively higher RS

than forests (Raich and Tufekcioglu, 2000). In previous studies of RS in longleaf pine forests,

RS was shown to be related to: soil temperature and litterfall in 50-year-old stands varying

in basal area (Samuelson and Whitaker, 2012); irrigation treatments in mature stands on

excessively drained xeric soils (Ford et al., 2012); canopy scorching in a 22-year-old longleaf

pine plantation (Clinton et al., 2011); and soil temperature and soil moisture in juvenile

longleaf pine systems grown in control CO2 (365µmol mol−1) and elevated CO2 (720µmol

mol−1) open-top chambers (Runion et al., 2012). Given the importance of RS in quantifying

net ecosystem productivity and forest carbon sequestration (Raich and Nadelhoffer, 1989;

Lovett et al., 2006), a better understanding of RS in longleaf pine forests across a range of
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site and stand characteristics would improve efforts to quantify the carbon sink potential in

these forests (Samuelson et al., 2014).

The overall objective of this study was to examine the intra-annual variation of RS in

longleaf pine forests in order to: (1) quantify RS across a range of stand ages and forest

structures; and (2) explore the relationships between RS and factors related to forest abiotic

and biotic factors. Longleaf pine stands ranging in age from 5 to 87 years were studied

and represented a range in soil textures, stand structures, and management histories and

thus allowed development of more robust longleaf pine RS models than with a single study

site. Although not a true chronosequence, measurement of RS in different aged stands can

contribute to identifying broad controls over ecosystem carbon exchange (Ryan and Law,

2005). We expected that soil temperature would account for the most intra-annual variation

in RS in an exponential manner, but hypothesized that soil moisture would affect the RS-

temperature relationship when at biologically limiting levels. Because of varying soil textures

between stands, we predicted that the general effect of volumetric soil moisture on RS may be

confounded by soil textural differences (Balogh et al., 2011; Moyano et al., 2012). Therefore,

to test for the limiting effect of soil moisture on RS, the influence of both field-measured

volumetric soil moisture and texture-derived soil water potential on the RS-temperature

relationship were explored. We also hypothesized that across these spatially heterogeneous,

relatively open-canopied, diverse forests, biotic variables (specifically litter mass, proximity

to nearby trees, understory cover, and pine and non-pine root biomass) would all contribute

to variation in RS independent of the influence of soil temperature.
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2.3 Materials and Methods

2.3.1 Study sites and stand descriptions

Study sites were located at Fort Benning Military Base near Columbus, Georgia, USA

(32.38◦ N, 84.88◦ W). The climate at Fort Benning is subtropical with 30-year-average mini-

mum, mean, and maximum temperatures of 12.8 ◦C, 18.7 ◦C, and 24.6 ◦C, respectively (Na-

tional Climatic Data Center, 2015a). The 30-year-average monthly temperatures range

from highest in July (28.1 ◦C) to lowest in January (8.4 ◦C). The 30-year-average annual

precipitation is 1180 mm, spread evenly throughout the year. The soils at Fort Benning are

characteristic of highly weathered Ultisols of the southeastern US, with sandy and loamy

sand soils in upland areas and sandy loam and sandy clay loams in lowland areas (Garten

and Ashwood, 2004). Fort Benning is within the Southeastern Mixed Forest Preserve and

is specifically positioned along the transition zone between the Southern Appalachian Pied-

mont Section in the northern two-thirds of the base and the Middle Section of the Coastal

Plains in the southern one-third (Bailey, 1994).

Four longleaf pine stands were selected for this study, ranging in age from 5 to 87 years

(Tables 2.1 and 2.2). The 5-, 12-, and 21-year-old stands were plantations and the 87-year-

old stand was a naturally regenerated, even-aged forest. The 5- and 12-year-old stands were

planted at a density of 1494 trees ha−1 and the 21-year-old stand was planted at 2235 trees

ha−1. Currently, longleaf pine densities are 123, 944, 1750, and 758 trees ha−1 in the 5-, 12-,

21-, and 87-year-old stands, respectively. The soil series dominating each stand were Nankin

sandy clay loam, Nankin sandy loam, Troup loamy sand, and Troup loamy sand in the 5-,

12-, 21-, and 87-year-old stands, respectively (Soil Survey Staff, 2014). The 5-year-old stand

was located in the Middle Section of the Coastal Plains, which is characterized by rolling

to hilly topography with variable textured marine-based sediments (McNab et al., 2007).

The other three stands were located within the Southern Appalachian Piedmont Section,

characterized by highly weathered and eroded deep clayey soils and a mixture of conifer
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forest cover types. Frequent, unrecorded burns occurred prior to 1981 due to live fire during

military training. Stands were last burned before this study in the winter of 2010 and were

on a 1-3 year burning cycle since 2002 (Table 2.1). No other records besides fire history were

available for the 87-year-old stand. More specific information about stand characteristics,

including total carbon stocks, can be found in Samuelson et al. (2014).

Circular plots one hectare in size were established in each stand. Within each plot,

three 25 by 25 m subplots were placed 35 m from plot center to the northeast (45◦), south

(180◦), and northwest (315◦). Only two subplots (northeast and northwest locations) were

created in the 12-year-old stand due to spacing restrictions from an adjacent study. Stand

inventories of each subplot were conducted in February 2012 and included tree species and

diameter at breast height (1.37 m, DBH). Trees were inventoried if they were taller than 2 m

in height with at least 1 cm DBH and classified as saplings (DBH < 10 cm) or mature trees

(DBH ≥ 10 cm). The four stands represented a range in age and forest structure (Table 2.2).

The youngest stand was a juvenile forest with no mature trees, and a greater proportion of

sapling species other than longleaf pine (e.g., Quercus spp., Cornus spp., and Liquidambar

styraciflua L.); the 21-year-old stand had trees of a similar size as the 12-year-old stand but

at a higher density and basal area; and the 87-year-old stand represented a more mature

longleaf pine forest with fewer but larger mature trees and a large cohort of longleaf pine

saplings. Understory longleaf pine seedlings and saplings less than 2 m in height were not

recorded in this study, but were were cited in a related study at 625, 0, 0, and 500 trees ha−1

in the 5-, 12-, 21- and 87-year-old stands, respectively (Samuelson et al., 2014). Only one

stand inventory was conducted due to limited site access by the military.

2.3.2 Soil respiration and soil environment

Each 25 by 25 m subplot was evenly divided into 625 1 m2 sampling plots. Beginning in

January 2012, five different sampling plots were randomly chosen from each subplot for mea-

surement of RS and related variables (55 randomly chosen 1 m2 sampling plots per month).
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Measurements were conducted monthly from January 2012 through January 2013. Soil res-

piration, soil temperature, soil moisture, understory vegetation cover, litter mass, and the

distance and DBH of the nearest tree to RS collar were measured at each 1 m2 sampling plot.

Soil respiration was measured with a soil respiration chamber head (LI-6400-09) attached

to a portable infrared gas analyzer (LI-6400, LI-COR Biosciences, Lincoln, NE). Soil respi-

ration collars (PVC, 10 cm diameter, 5 cm height) were installed in each 1 m2 sampling plot

at least 18 hours prior to RS measurement in an area free from photosynthetically active

vegetation. Soil respiration collars were pushed into the soil through standing litter with

2.5 cm of the collar remaining above mineral soil. Ambient CO2 concentration (ppm) was

measured at the first 1 m2 sampling plot within each subplot and used for the target CO2

concentration across that subplot. Soil temperature was measured concurrently with RS at

a 15 cm depth and within 10 cm of the collars using a soil temperature probe connected to

the LI-6400 system. Volumetric soil moisture was measured to a 20 cm depth (Hydrosense

II, Campbell Scientific, Inc., Logan, UT) within 10 cm of the collar location at the time of

RS and soil temperature measurement.

Soil temperature at a 10 cm depth was recorded half hourly from February 2012 through

January 2013 using a data logger (HOBO U12-008, Onset Computer Co., Pocasset, MA)

which was installed in the center of one subplot per stand and connected to four soil tem-

perature probes placed 10 m from each data logger in the four cardinal directions.

2.3.3 Vegetation and root variables

Subsequent to the installation of the RS collars, the percent of live vegetation cover

(< 1 m in height) was ocularly estimated within the 1 m2 sampling plots and included total

cover and individual cover classes of woody plants, vines, forbs, legumes, and graminoids.

Because of the overlapping vertical structure of the canopy layers, the cumulative percentage

of individual cover classes could exceed total percent cover. The nearest tree (DBH > 1 cm

and height > 2 m) to the RS collar location was identified and its DBH and distance to the
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collar were recorded. Subsequent to RS measurement, standing litter down to mineral soil

within the RS collar was collected, dried at 70 ◦C for 48 hours and weighed.

Soil samples (10 cm diameter, 15 cm depth) were removed from directly below the RS

collars in February, May, and September 2012 and January 2013 for measurement of root

biomass by type (live pine, live non-pine, and dead) and size class. Live root diameter classes

included very fine (≤ 1 mm), fine (> 1 and ≤ 2 mm), coarse (> 2 and ≤ 5 mm) and very

coarse (> 5 mm). Dead root diameter classes included coarse (≤ 5 mm) and very coarse

(> 5 mm). Soil was air dried and sifted through a Number 10 sieve. Roots were removed

from the soil, sorted, washed, dried at 70 ◦C for 72 hours, and weighed.

2.3.4 Data analysis

Each set of monthly measurements were averaged by subplot (n = 11 across all stands

per month) and then correlation and regression analyses were performed to investigate the

relationship between RS and abiotic and biotic variables. All data analysis was completed

in SAS (version 9.3, SAS Institute Inc., Cary, NC) with significance level of α = 0.05. Since

there was no true replication of stand ages, differences between stands were not tested.

The relationship between RS and soil temperature was modeled using a first-order ex-

ponential relationship:

RS = β0 ∗ exp(β1Tsoil) (2.1)

where β0 and β1 are the fit parameters and Tsoil is soil temperature. The temperature

sensitivity of RS was calculated as Q10 = e10β1 and basal RS was estimated as the intercept

(β0) at Tsoil = 0 ◦C. The coefficient of determination was calculated using a modified R2

formula referred to as pseudo-R2, which was calculated as 1 − (SSE/SST), where SSE and

SST are the error sum of squares and the corrected total sum of squares, respectively.

To examine the effects of soil moisture on the relationship between soil temperature and

RS, we analyzed the change in nonlinear trends between RS and soil temperature during
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different water status periods (e.g., soil moisture at field capacity versus at wilting point).

The soil water categories followed Ma et al. (2005) but were modified to relate volumetric

soil moisture to soil texture properties, including wilting point (WP), field capacity (FC),

and saturated soil (SS) from Table 2.1 and Oram and Nelson (2014). The final soil categories

included: extremely dry soils (0 ≤ θ ≤ 0.5WP); dry soils (0.5WP < θ ≤ WP); moderate soils

(WP < θ ≤ FC); and wet soils (FC < θ ≤ SS). Soils were never measured at levels above

saturation, so no soils were considered extremely wet. To compare trends in Eq. (2.1) between

soil moisture levels, a sum of squares reduction test was completed using the following test

statistic:

F-statistic =
(SSEred − SSEfull)/(dfred − dffull)

SSEfull/dffull

(2.2)

where SSEred and SSEfull are the error sum of squares and dfred and dffull are the degrees

of freedom of the reduced and full models, respectively. The simplest model (i.e., least

parameters) that significantly reduced the error sum of squares to the same degree as the

saturated model with individual parameters fit for each soil moisture category was retained.

The relationships between RS and biotic variables were explored using Pearson’s cor-

relation coefficients and residuals analysis. First, Pearson’s correlation coefficients were

examined to determine both which variables correlated with RS and the magnitude of mul-

ticollinearity. Then, the variables that were significantly correlated with RS were regressed

against the residuals from the exponential RS-temperature model from Eq. (2.1) following

DeForest et al. (2006).

Soil temperature data from the data loggers were averaged into hourly time steps. Gaps

were filled from linear regression relationships between measured soil temperature and high

resolution air temperature data (Station ID 13829/LSF, Fort Benning, Columbus: Lawson

AAF Airport Version 2, Quality Controlled Local Climatological Data, National Climate

Data Center). Annual soil respiration (January 1 to December 31, 2012) was calculated for
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each stand by using the fitted exponential soil temperature model from Eq. (2.1) with the

gap-filled hourly continuous soil temperature data.

2.4 Results

2.4.1 Variation in abiotic and biotic variables in longleaf pine stands

Mean monthly air temperature at Columbus, Georgia ranged from 9.9 ◦C to 28.8 ◦C

over the measurement period with the highest temperature in July and lowest in January

2012 (Fig. 2.1A) (National Climatic Data Center, 2015b). Mean soil temperature exhibited

typical seasonal patterns, closely paralleled with air temperature, with an average of 19.1 ◦C

across stands and over the measurement period (Fig. 2.1B). Total monthly precipitation

ranged from 12.4 mm month−1 to 138.7 mm month−1 (Fig. 2.1A). Palmer Drought Severity

Index (PDSI) values were above severe drought only during two months, December 2012 and

January 2013 (PDSI ranged from -5.23 to 0.26) (National Climatic Data Center, 2014), and

monthly precipitation was below the 30-year-average monthly precipitation rates during ev-

ery month except January, May, September, and December 2012 (data not shown) (National

Climatic Data Center, 2015a). Mean monthly volumetric soil moisture varied from a low of

1.30 % in May 2012 to a high of 24.57 % in February 2012 and was generally lower in the

21-year-old stand (Fig. 2.1C).

The DBH of the nearest trees to RS collars was in general smaller in the 5-year-old

stand (range of 2.7 cm to 4.3 cm; Fig. 2.2A). The widest range in DBH and the largest trees

were in the 87-year-old stand (range 2.4 cm to 18.7 cm). The mean distance to nearest trees

was from 0.8 m to 1.1 m in the dense 21-year-old stand, and from 1.3 m to 3.7 m and 1.6 m

to 3.7 m in the 5- and 87-year-old stands, respectively (Fig. 2.2B). The mean DBH and

distance to the nearest tree in the 12-year-old stand ranged from 4.9 cm to 12.2 cm and 1.2 m

to 1.9 m, respectively. Mean monthly litter mass was in general higher in the two oldest

stands than in the two youngest stands and ranged from 3.0 Mg ha−1 to 15.2 Mg ha−1 across

stands (Fig. 2.2C).
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Seasonal variation in total percent vegetation cover was evident in all stands but less

pronounced in the denser 21-year-old stand (Fig. 2.3). In the 21-year-old stand, peak total

vegetation cover was generally lower than in the other stands and its understory was domi-

nated by forb cover, such as Pityopsis gramnifolia (Michx.) Nutt., and woody cover (mainly

Toxicodendron spp.). Grasses dominated the understory of the other three stands, followed

by woody cover in the 12- and 87-year-old stands and woody and forb cover in the 5-year-old

stand. Across all stands, annual mean vine and legume percent cover were 8.0 % and 3.8 %,

respectively.

Mean root biomass values by type, size class, and sampling month are shown in Fig-

ure 2.4. Total live root biomass was as high as 20.4 Mg ha−1 in the 21-year-old stand, but in

the other stands did not exceed 15.2 Mg ha−1. In the 5-year-old stand, non-pine root biomass

was greater than pine root biomass during each sampling month, and in the 21-year-old stand,

pine root biomass was greater than non-pine root biomass during each sampling month. In

the 12-year-old stand, the relative contribution of pine and non-pine roots varied by sampling

month, and in the 87-year-old stand, non-pine and pine roots had similar biomass quantities.

On average, very fine, fine, coarse, and very coarse roots comprised 61, 16, 16, and 7 % of

total non-pine root biomass, respectively, and 40, 17, 15, and 28 % of total pine root biomass,

respectively.

2.4.2 Relationships between RS and abiotic and biotic variables in longleaf pine

stands

With all stands and seasons pooled together, mean monthly RS ranged from 1.18 to

5.94µmol m−2 s−1 (Fig. 2.5A). Soil respiration generally followed the seasonal trend in soil

temperature and increased exponentially with increasing soil temperature (Figs. 2.1B; Ta-

ble 2.3). Soil temperature explained 72 % of the variation in RS. Across all the stands and

on an annual basis, the temperature sensitivity (Q10) of RS was 2.18 (β1 = 0.078) and basal

RS was 0.700µmol m−2 s−1 (β0). Annual RS calculated from Eq. (2.1) and the continuous
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soil temperature data was 12.3 ± 1.8, 13.6 ± 2.0, 13.3 ± 1.9, and 13.9 ± 2.1 Mg ha−1 yr−1 in

the 5-, 12-, 21-, and 87-year-old stands, respectively.

Categorization of soil moisture measurements based on stand-specific soil water status

suggested that soil moisture limited RS at levels below half the wilting point (extremely dry

conditions, Fig. 2.5B). When soil moisture conditions were used to create separate models

under the reduced sum of squares test, Q10 based on β1 from Eq. (2.1), was significantly

reduced under extremely dry soil conditions (β1 = 0.064, Q10 = 1.90) compared to all

other soil moisture conditions (β1 = 0.076, Q10 = 2.14), while basal RS based on β0 was

the same under all soil moisture conditions (β0 = 0.767µmol m−2 s−1; Table 2.3). Of all

iterations between the fully reduced model and the saturated model, this reduced model

(SSEred = 64.99, df = 135) was the simplest model that significantly accounted for the

same variation as the saturated model (SSEfull = 61.29, df = 130) with a corresponding

F-statistic of 1.57 (p = 0.17, Eq. 2.2). The coefficient of determination (pseudo-R2 = 0.78)

for the reduced model was calculated through dummy variables for extremely dry and non

extremely dry soils from the reduced sum of squares test.

The linear relationships between RS and vegetation and root variables were tested with

Pearson’s correlation coefficients (Table 2.4). Litter mass and cover classes were significantly

and positively related with RS, and distance to nearest tree was negatively related with

RS. Every cover category was positively correlated with RS, with the strongest correlations

between legume cover and RS. Of all the root variables, only very fine and fine non-pine roots

were significantly (negatively) related to RS. Very fine non-pine root biomass was the only

biotic (i.e., litter mass, cover, proximity to nearest tree, or root biomass) variable correlated

with RS but not also correlated with soil temperature.

Residuals regression analysis was performed on the remaining variation after isolating

the effect of soil temperature with the RS-temperature model (Eq. 2.1). Variation in the

residuals was explained by linear relationships with litter mass (positive), distance to nearest

tree (negative), and very fine non-pine root biomass (negative; Fig. 2.6 and Table 2.3).
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The residuals analysis accounted for 6 to 15 % more of the intra-annual variation in soil

respiration, with the most variation explained by the model with very fine non-pine root

biomass, although with a reduced sample size. Multiple intercorrelations existed among

abiotic and biotic variables, and of the three variables that were regressed against the RS-

temperature model residuals, litter mass was negatively correlated with both distance to

nearest tree and very fine non-pine root biomass, but tree distance and very fine non-pine

root biomass were not correlated (Table 2.4).

2.5 Discussion

Over the 13-month study period and across four heterogeneous longleaf pine stands,

the temperature sensitivity of RS was 2.18. Although estimating Q10 based on a first-order

exponential function simplifies the phenological effects of substrate supply on RS (Davidson

et al., 2006; DeForest et al., 2006), it has also been shown to be adequate for evaluating the

temperature sensitivity of RS over a normal temperature profile (Lellei-Kovács et al., 2011),

and in our study the range of monthly air temperature was similar to the 30-year-average

air temperature range (National Climatic Data Center, 2015a,b). This value of Q10 is higher

than those reported (0.77 to 1.18) for juvenile longleaf pine systems measured over a relatively

narrow temperature range during 90 days in spring (Runion et al., 2012), but lower than the

Q10 of 2.81 measured in 50-year-old longleaf pine stands by Samuelson and Whitaker (2012),

who reported no measurable drought limitation on RS at high temperatures. In support of

our first hypothesis, Q10 was significantly lower during periods of drought-like soil conditions

than during periods of non-limiting soil moisture, as also found under experimental drought

treatments in mixed deciduous forests (Borken et al., 2006) and old-field grasslands (Chen

et al., 2011). Even though 2012 was cited as the tenth driest year on record for Georgia

(National Climatic Data Center, 2012), soil moisture did not affect basal RS, indicating that

drought stress had the largest impact on RS when soil temperature was relatively high. This

finding agrees with Concilio et al. (2006), who found that soil moisture limited RS only
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during periods of high soil temperature and low soil moisture in a fire-dependent old-growth

mixed forest of the Sierra Nevada Mountains, and work by Davidson et al. (2006), who

concluded that drought can reduce RS during the growing season in temperate ecosystems

when evapotranspiration may exceed precipitation, as it did in our study (i.e., negative 3-

month Standardized Precipitation Evapotranspiration Index for May through August 2012,

National Climatic Data Center, 2014).

Although the influence of soil moisture on RS was apparent at high soil temperatures

when related to the wilting point properties of the various soil textures across these stands, no

linear relationship was detected when volumetric soil moisture was regressed directly against

RS. In a 85 to 95-year-old longleaf pine forest, continuous RS measurements made after

irrigation demonstrated that the response of RS to volumetric soil moisture was complex

and decoupled in time such that intermittent RS measurements may not capture an effect

of soil moisture on RS (Ford et al., 2012). Volumetric soil moisture is easy to measure with

portable devices and more commonly researched in relation to RS than is texture-derived

soil water potential (e.g. Borken et al., 2006; Balogh et al., 2011; Ceccon et al., 2011; Lellei-

Kovács et al., 2011; Barron-Gafford et al., 2014), but water availability for root, mycorrhizae,

and microbial uptake is dependent not only on the volumetric quantity of soil water, but

also upon its sorption to soil particles (Saxton and Rawls, 2006). For instance, almost twice

the volumetric soil moisture must be present in the relatively clay-rich 5-year-old stand

to reach wilting point (13 %) compared to the sandier 21-year-old stand (7.0 %; Table ??).

Previous studies have stressed the importance of comparable, empirical models that describe

the interactive roles of soil temperature and moisture on RS (Dilustro et al., 2005; Lellei-

Kovács et al., 2011; Moyano et al., 2012), and our results indicate the importance of relating

volumetric soil moisture to soil-specific, texture-derived soil water potential, particularly

when RS is compared across a range of soil textures. Longleaf pine forests occupy a wide

edaphic range (Burns and Honkala, 1990) and thus consideration of soil texture in future

longleaf pine RS studies is warranted.
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The hypothesis that biotic variables would account for variation in RS beyond the sea-

sonal influence of soil temperature was supported, but residuals analysis showed that litter

mass, distance to nearest tree, and very fine non-pine root biomass accounted for only 6 to

15 % of additional variation in RS, and that understory cover was not related to RS beyond

the influence of soil temperature. In addition to soil temperature and moisture, substrate

supply (i.e., quality, quantity and timing of carbon sources allocated to roots and microbes

through photosynthesis, root exudation, and litter) is a large contributor to variation ob-

served in RS, and the effect of substrate supply on RS is often evaluated through relationships

between RS and biotic variables (Davidson et al., 2006). Soil respiration has been shown to

be positively related to litter mass (Oishi et al., 2013), ground cover (Fleming et al., 2006),

proximity to nearby trees (Søe and Buchmann, 2005), and root biomass (Dore et al., 2014).

But, in longleaf pine forests (Samuelson and Whitaker, 2012) and slash pine (P. elliottii

Engelm.) forests (Fang et al., 1998), the effects of these vegetation variables on RS were

relatively small compared to the influence of soil temperature. Similarly, Vande Walle et al.

(2007) found that adding biotic and abiotic factors (soil carbon, leaf area index, soil pH, and

root biomass) in addition to soil temperature did not substantially improve RS-temperature

models in Belgium hardwood plantations. Despite variability in age, forest structure, soil

textures, ground cover, and root biomass observed among stands, relationships between RS

and biotic variables were marginal after first isolating the seasonal influence of soil tem-

perature, which is perhaps a function of tight coupling between the seasonal availability of

substrate and soil temperature in these forests.

On an intra-annual basis, RS was negatively related to very fine and fine non-pine root

biomass and not related to pine root biomass, larger non-pine root biomass, or dead root

biomass. The inverse relationship between RS and non-pine roots perhaps reflects changes

in herbaceous species through time and their associated specific root respiration rates. For

example, mean specific root respiration rates vary amongst functional groups of herbaceous

species, ranging from 5.7 for C4 grasses to 13.2 nmol g−1 s−1 for nitrogen-fixing legumes
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(Tjoelker et al., 2005). In addition, drought may have had a greater impact on specific

respiration rates of herbaceous roots relative to pine roots, which not only have access to

water at deeper soil depths but also carbohydrates stored in coarse roots (Aubrey et al.,

2012). Drought has been found to reduce specific root respiration of grasses and forbs by up

to 44% (Hasibeder et al., 2015). Aubrey et al. (2012) determined that longleaf pine roots were

able to rely upon stored carbohydrates for root respiration when photosynthate supply was

reduced through foliage scorching treatments. The majority of the root biomass categories,

including larger classes of non-pine roots and all sizes of pine and dead roots, did not correlate

with RS. Although root biomass directly contributes to RS through autotrophic respiration,

others have also found that it tends not to be a strong correlate with intra-annual variation

in RS (Samuelson et al., 2004; Wiseman and Seiler, 2004; Bréchet et al., 2009; Runion

et al., 2012). But, root biomass does show better correlation with temperature-independent,

within-forest spatial variation in RS, as found in California mixed-conifer forests (Dore et al.,

2014), mature German beech (Fagus sylvatica L.) forests (Søe and Buchmann, 2005), and

Michigan poplar (Populus spp.) forests (Stoyan et al., 2000).

To our knowledge, no other study has comprehensively quantified RS in longleaf pine

ecosystems across such a range in stand structures. We found that annual RS varied at

most 14 % between stands (5- and 87-year-old stands) and among mature stands from 2 to

4 %. Across stands, average annual RS was 13.3 Mg C ha−1 yr−1. Our annual RS values are

within the range of 11.0 to 17.9 Mg C ha−1 yr−1 reported for 50-year-old longleaf pine stands

in southern Alabama varying in basal area from 7 to 36 m2 ha−1 (Samuelson and Whitaker,

2012), but higher than those estimated for longleaf pine forests across an edaphic gradient

(4.6 to 6.8 Mg C ha−1 yr−1) (Hendricks et al., 2006) and for 85 to 95-year-old longleaf pine

woodlands under control and irrigation treatments on xeric soils (6.5 to 7.1 Mg C ha−1 yr−1)

(Ford et al., 2012). Samuelson and Whitaker (2012) found that annual RS across stands

related positively with mean annual litter mass, which varied from 6 to 18 Mg ha−1 in their

study and from 5.6 to 9.5 Mg ha−1 in our study. In both Ford et al. (2012) and Hendricks
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et al. (2006), which were completed at the same research center in southwest Georgia, litter

mass and the organic horizon were described as being negligible due to frequent, 2-year

burn intervals as well as being entrapped in wiregrass (Aristida beyrichiana Trin. & Rupr.)

crowns above the soil surface. When present on the forest floor, decomposition of litter

can contribute to total RS. For instance, litter respiration was found to be 22 % of RS in

20-year-old South Carolina longleaf pine stands (Reinke et al., 1981), up to 26 % of RS in

North Carolina loblolly pine plantations (Taneva and Gonzalez-Meler, 2011), and up to 17 %

of RS in 250-year-old Oregon ponderosa pine (P. ponderosa Lawson and C. Lawson) stands

(Irvine and Law, 2002). Litter mass may contribute to some to degree to variation in annual

RS between forests throughout the native range of longleaf pine, particularly as litter mass

is highly dependent upon interactions between aboveground productivity, leaf area index,

and fire frequencies (Brockway and Lewis, 1997; Gonzalez-Benecke et al., 2012).

2.6 Conclusion

The goal of this study was to provide an comprehensive survey of RS and related abiotic

and biotic variables across four diverse longleaf pine stands. We found that mean monthly RS

was related most strongly to soil temperature and reduced during periods of drought stress.

After isolating the effect of soil temperature, the relationship between biotic variables and

intra-annual variation in RS was marginal, despite a range in forest structure, soils, ground

cover, and root biomass across stands. This study demonstrated that although plant-derived

substrate supply may be important for belowground metabolism and RS, in these forests,

soil temperature, soil moisture, and biotic variables are interrelated in such a way that the

relative importance of vegetation is overshadowed by the RS-temperature relationship on an

intra-annual basis. As longleaf pine forests are restored to the southern landscape, the low

stand densities needed for restoration combined with higher temperatures associated with

climate change (Karl et al., 2009) may influence their role in efforts to increase forest carbon

sequestration in the southeastern US (Han et al., 2007). As such, the interaction between
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climate change, prescribed burning, and RS across the range of longleaf pine ecosystems

warrants further examination.
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Figure 2.1: (A) Mean air temperature and total precipitation by month at a Columbus,
Georgia weather station (National Climatic Data Center, 2015b). (B) Mean soil temperature
and (C) soil moisture during soil respiration measurements in four longleaf pine stands
varying in age and structure. Triangles represent dates of root biomass sampling and error
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Figure 2.2: (A) Mean diameter at breast height (DBH) of the nearest tree to soil respiration
(RS) collars, (B) mean distance to nearest tree from RS collars, and (C) litter mass by date
in four longleaf pine stands varying in age and structure. Triangles represent dates of root
biomass sampling and error bars are ± SE.
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Figure 2.3: Mean total vegetation cover and proportions of individual cover classes to total
cover by date in four longleaf pine stands varying in age and structure.
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Table 2.1: The age, location, soil properties, planting density and burn history of four
longleaf pine stands in western Georgia.

Stand Age 5 years 12 years 21 years 87 years
Longitude (◦W) -84◦ 52.265’ -84◦ 46.622’ -84◦ 47.550’ -84◦ 47.112’
Latitude (◦N) 32◦ 23.999’ 32◦ 22.353’ 32◦ 23.373’ 32◦ 21.967’
Soil Texture (%)a 73, 7, 20 80, 8, 12 85, 7, 8 80, 8, 12
Soil Water Properties (%)b 13, 21, 44 9, 17, 41 7, 16, 38 9, 17, 41
Soil Carbon (Mg ha−1)c 61.0 76.0 52.9 84.8
Planting Density (trees ha−1) 1494 1494 2235 Natural
Burn Historyd 2007, 2010 2002, 2005, 1992, 1995, 1981, 1985e,

2008, 2010 1998, 2001, 1990, 1992,
2004e, 2005, 1994, 1998,
2006e, 2009, 2001, 2004,
2010e 2006, 2008,

2010
a Soil texture at 10-20 cm in sand, silt, clay.
b Soil water properties in wilting point, field capacity, saturation from Oram and Nelson
(2014).
c Soil carbon to 1 m depth from Samuelson et al. (2014).
d Burn records began in 1981.
e Indicates wildfire.
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Table 2.2: Mean stand characteristics of four longleaf pine forests in western Georgia (n = 2
to 3).

Stand age Size classa Speciesb Basal Area Density DBH
(years) (m2 ha−1) (trees ha−1) (cm)
5 Mature LLP 0.0 0 -

other 0.0 0 -
Sapling LLP 0.1 123 3.7

other 0.2 475 1.94
12 Mature LLP 2.1 176 12.1

other 2.5 96 16.5
Sapling LLP 2.9 768 6.8

other 0.2 248 1.9
21 Mature LLP 17.7 1259 13.2

other 2.2 165 12.9
Sapling LLP 2.5 491 7.9

other 0.6 176 6.7
87 Mature LLP 9.9 59 46.1

other 0.8 11 26.0
Sapling LLP 0.8 699 3.6

other 0.0 91 1.2
a Mature includes trees DBH ≥ 10 cm and saplings include DBH ≥ 1 cm and < 10 cm.
Height of all measured trees > 2 m.
b LLP, longleaf pine.
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Chapter 3

Spatial variation of soil respiration in a 64-year-old longleaf pine forest
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3.1 Abstract

Soil respiration (RS) demonstrates temporal and spatial variation that can affect the

overall carbon balance of forested ecosystems. The objective of this study was to quantify the

spatial variation in RS and explore the relationships between RS and ecological covariates in

a mature longleaf pine (Pinus palustris Mill.) forest. Soil respiration, soil temperature, and

soil moisture were measured systematically in three subplots within a 64-year-old longleaf

pine forest during six days in the summer of 2012. Ecological covariates were also measured,

including edaphic variables, forest floor variables, roots, and stand structural variables. Soil

respiration demonstrated varying magnitudes, spatial patterns, and spatial autocorrelation

in the three plots, and ranged from 2.4 to 8.6µmol m−2s−1 across plots. In Plot 1, RS

was highly spatially autocorrelated and related to soil bulk density, litter mass, the mean

diameter at breast height (1.37 m) of trees within 8 m, 4 m, 2 m, and 1 m of the RS collars,

and total DBH of trees within 2 m and 1 m of the RS collars. In Plot 2, RS was spatially

independent and related to soil moisture, soil bulk density, and total and mean DBH of trees

within 4 m of the RS collars. In Plot 3, RS was spatially autocorrelated within a range of

11 m and was related to fine root biomass. Across all three plots, RS was related to soil

moisture, litter mass, forb percent cover, fine root biomass, coarse dead root biomass, the

total DBH of trees within 8 m, mean DBH of trees within 1 m, and the number of trees

within 1 m of RS collars. This study illustrates complex spatial patterns and relationships

between RS and ecological covariates within a heterogeneous, mature longleaf pine forest.

3.2 Introduction

Soil respiration is the sum evolution of CO2 respired from the activity of roots, my-

corrhizae, and microorganisms within both the root-affected rhizosphere and the bulk soil

(Raich and Nadelhoffer, 1989; Bahn et al., 2010). Autotrophic and heterotrophic activity
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are affected by biotic and abiotic factors to varying degrees, thus causing temporal and spa-

tial variability in RS (Lavigne et al., 2003; Ruehr and Buchmann, 2010; Chen et al., 2011).

Soil temperature is generally the most important factor influencing the seasonal changes in

RS as it increases both heterotrophic and autotrophic activity during the warmer growing

seasons (Fang et al., 1998; Maier and Kress, 2000; Davidson et al., 2006; DeForest et al.,

2006; Ruehr and Buchmann, 2010), but soil temperature has been found to have less control

over the spatial variation in RS within forests (Søe and Buchmann, 2005; Vande Walle et al.,

2007; Geng et al., 2012). Plant and soil factors, on the other hand, can directly affect the

spatial distribution of RS. For instance, the allocation of photosynthates to roots increases

autotrophic respiration; root exudates increase heterotrophic respiration within the rhizo-

sphere; and litterfall quantity and quality increases heterotrophic respiration in surface soil

layers (Bahn et al., 2010; Metcalfe et al., 2011). Belowground edaphic factors also exhibit

spatial influence upon RS, such as soil moisture, pH, bulk density, and soil carbon (Vande

Walle et al., 2007; Luan et al., 2012; Fóti et al., 2014), but the influences of these edaphic

variables are not independent of plant, root, and litter distribution in forests. For instance,

the interaction between precipitation and trees, specifically throughfall and stemflow, af-

fects the spatial variation of soil moisture in forests, and trees can affect soil nutrients, soil

microbial community composition, and soil properties such as pH and bulk density (Zinke,

1962; Vetaas, 1992; Weber and Bardgett, 2011; Lavoie et al., 2012). A better understanding

of the ecological variables that affect RS within forests is a high research priority with the

goal to develop mechanistic RS models that include plant-soil interactive effects (Martin and

Bolstad, 2009; Bahn et al., 2010; Chen et al., 2011; Martin et al., 2012; Mitra et al., 2014).

After historical degradation from logging, turpentine extraction, grazing and fire sup-

pression (Noss, 1988), longleaf pine (Pinus palustris Mill.) ecosystems are now being re-

stored throughout the southeastern United States to provide ecosystems services, such as

rare species habitat and biodiversity conservation (Jose et al., 2006; Mitchell et al., 2006).
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Mature, naturally regenerated longleaf pine forests are characterized by a spatially hetero-

geneous structure of the canopy, understory, and soils (Noss, 1988; Battaglia et al., 2002;

Lavoie et al., 2012), which is the result of a complex mosaic of microhabitats. Longleaf pine

forests depend upon fire to reduce succession by other trees, maintain herbaceous understory

niches, and expose mineral soil to facilitate seedling regeneration (Noss, 1988; Brockway and

Lewis, 1997). In unburned longleaf pine forests, trees exhibit a strong belowground influence

on the spatial structure and chemistry of soil, but in frequently burned longleaf pine forests,

the belowground influence of trees can become homogenized (Lavoie et al., 2012), and high

intensity fires can also homogenize species composition, especially in the midstory (Lashley

et al., 2014). Canopy gaps in longleaf pine forests affect light availability to the forest floor

and increase understory plant biomass (McGuire et al., 2001), and the spatial variability of

light available for understory species and seedling regeneration is optimized when uneven-

aged, variable-retention silviculture is used and/or when larger aggregated canopy gaps are

present (Brockway and Outcalt, 1998; Battaglia et al., 2002). Longleaf pine rooting zones

extend beyond the extent of the canopy (Heyward, 1933; Hodgkins and Nichols, 1977), which

creates complex spatial relationships between herbaceous roots of the continuous understory

layer, pine roots within the tree rooting zones, and the influence of longleaf pine canopies

(Vetaas, 1992; McGuire et al., 2001). Furthermore, the spatial distribution of lateral roots is

positively related to tree age and competitive position within the forest, and the shape of the

rooting zone outward from the stem is influenced by the presence of other trees (Hodgkins

and Nichols, 1977). A final aspect of the spatial complexity of a mature longleaf pine forest

results from the presence of nitrogen-fixing legumes, which affect the spatial distribution of

soil nitrogen and decomposition rates of litter (Vetaas, 1992).

The main objectives of this study were (1) to quantify the spatial structure of RS and

(2) determine how ecological covariates (listed in Table 3.1) relate to RS independent of the

temporal effect of soil temperature. This study was conducted in a naturally-regenerated
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64-year-old longleaf pine forest at Fort Benning, Georgia in which we established three, semi-

independent plots that each included 25 gridded RS measurement subplots. We expected

that in this mature, spatially heterogeneous longleaf pine stand, above- and belowground

ecological covariates would exhibit complex spatial patterns corresponding with the spatial

distribution of RS.

3.3 Methods

3.3.1 Site Description

The study site was located at Fort Benning Military Base near Columbus, Georgia

(Fig. 3.1). The climate in this area has a mean maximum temperature of 24.6 ◦C, a mean

minimum temperature of 18.7 ◦C, and a mean annual precipitation of 1187 mm (1981-2010

Normals) (National Climatic Data Center, 2015a). The stand used for this study was a

64-year-old longleaf pine stand located on the Alabama property of Fort Benning, near Fort

Mitchell, Alabama and Lawson Army Airfield (32◦ 19.142’ N, -85◦ 0.514’ W, 97 m A.S.L.), and

was a naturally-regenerated, even-aged longleaf pine forest. Soils at this stand were Troup-

Springhill-Luverne complexes, which are typically very deep, well to excessively drained

loamy fine sand or loamy sand soils on side slopes (10-30 % slopes) (Soil Survey Staff, 2014).

Soil carbon in this stand was approximately 85.9 Mg C ha−1 to a 1 m depth, and soil texture

consisted of 79 % sand, 8.5 % silt, and 12.5 % clay (Samuelson et al., 2014). These soil

textures were associated with wilting point, field capacity, and saturation at 9.8, 18.2, and

41.5 % volumetric soil moisture, respectively (Oram and Nelson, 2014). This stand was last

burned in the winter of 2010 and is maintained on an approximately three-year burning

cycle. More information about this stand, including above and belowground carbon stocks,

can be found in Samuelson et al. (2014).

The experimental design consisted of three 24 m by 24 m plots over a gradual 10 m

topographical gradient (Fig. 3.1). Within each plot, 25 1 m2 RS sampling subplots were laid

out evenly in a 5 by 5 grid with 6 m spacing between subplot centroids. At the center of
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each RS sampling subplot, a RS collar (PVC, 10 cm diameter, 4.5 cm height) was installed

into the ground through the standing litter and to a consistent 2.5 cm depth. In July 2012,

all trees taller than 2 m in height with diameter at breast height greater than 1 cm were

inventoried within 8 m of each RS collar and classified as mature trees (DBH ≥ 10 cm) or

saplings (DBH < 10 cm; Figs. 3.1 and 3.2, Table 3.2). The three plots ranged in mature

longleaf pine basal area from 8.0 to 10.3 m2 ha−1, sapling longleaf pine basal area from 0.2

to 0.7 m2 ha−1, and in total basal area from 11.5 to 15.1 m2 ha−1 (Table 3.2). Density of

mature and sapling longleaf pine trees ranged from 78.6 to 124.5 trees ha−1 and 85.2 to

373.4 trees ha−1, respectively (Table 3.2). Mature longleaf pine trees ranged in DBH from

19.0 to 36.1 cm and sapling longleaf pine trees ranged in DBH from 4.5 to 5.0 cm (Table 3.2).

Other pine species present in these plots included mature and sapling loblolly pine (P. taeda

L.) and shortleaf pine (P. echinata Mill.) and hardwood species included oaks (Quercus spp.),

hickories (Carya spp.), and sweetgum (Liquidambar styraciflua L.). No mature hardwood

trees were observed.

3.3.2 Soil respiration measurements

Soil respiration was measured systematically on all 75 RS collars in the morning (830-

1100 hr EST) on six days in 2012 (July 14, July 24, July 26, August 2, August 14, and August

17). Soil respiration was measured using a LI-6400-09 Soil CO2 Flux Chamber attached to

a LI-6400 portable infrared gas analyzer (LI-COR Biosciences, Lincoln, NE, USA). Ambient

atmospheric CO2 concentration was measured at the first RS collar in each plot and used

as target CO2 concentration for that entire plot. Soil temperature and soil moisture were

measured within approximately 10-15 cm of each RS collar at the time of RS measurement.

Soil temperature was measured with a 15-cm depth soil temperature thermocouple (6000-09,

LI-COR Biosciences) and soil moisture was measured with a 20-cm depth soil moisture time

domain reflectometry probe (Hydrosense II, Campbell Scientific, Logan, UT, USA).
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3.3.3 Ecological covariate measurements

Prior to the installation of RS collars, total percent live understory vegetation cover

(< 1 m height) was ocularly estimated within the 1 m2 RS sampling subplots, as well as by

plant functional group (woody, forb, legume, vine, and graminoid). Subsequent to all of

the RS measurements on August 17, 2012, litter was collected from within the RS collars,

dried to a constant weight at 70 ◦C, and weighed. After litter collection, the RS collars were

removed and soil samples (10 cm diameter, 15 cm depth) were collected from below the RS

collars, bagged, and kept cool until processing. Processing the soil samples consisted of dry

sifting the soil through a 2 mm mesh sieve to retrieve roots. Roots were washed, sorted

by type and size, dried at 70 ◦C for 48 hrs and weighed. Roots were sorted into very fine

(diameter ≤ 1 mm), fine (1 mm < diameter ≤ 2 mm), coarse (2 mm < diameter ≤ 5 mm), and

very coarse (diameter > 5 mm) categories and by live or dead based on texture, resiliency

to bending, and coloration. Air dried soil samples were sent to the Auburn University Soil

Testing Laboratory (Auburn, AL) for measurement of pH and concentrations of carbon (C),

nitrogen (N), and organic matter (OM). Within 10 cm of each collar in undisturbed soil, bulk

density samples were taken from 1-10 cm depth with a 5.7 cm diameter soil sampler (0200

Soil Core Sampler, Soil Moisture Equipment Corp., Goleta, CA, USA). Bulk density was

calculated following the procedure of Law et al. (2008).

3.3.4 Data analysis

The locations of the plots and RS collars were collected with a handheld, decimeter-

accurate global positioning system (Trimble GeoXH, Trimble Navigation Limited, Sunnyvale,

CA, USA) and downloaded to ArcGIS (Environmental Systems Research Institute, Inc.,

Redlands, CA, USA). The tree inventory data was digitized in ArcGIS and used to calculate

mean DBH, total DBH, and number of trees within 8 m, 6 m, 4 m, 2 m, and 1 m of each

RS collar and the distance to the nearest tree from each RS collar. Soil C, OM, and N

concentrations were converted to a per area basis (Mg ha−1) based on soil bulk density.
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Repeated measures analysis with autoregressive moving average covariance structure

was used to test for plot differences in RS, soil temperature, and soil moisture within a

mixed-model framework and then RS, soil temperature, and soil moisture were averaged

across the six measurement dates by RS sampling subplot for geospatial and regression

analysis.

Geospatial analysis was performed within each plot and across all three plots to deter-

mine the spatial extent of autocorrelation in RS. Specifically, the spatial structure of RS was

determined with semivariogram analysis (package gstat; R Core Team, 2014). Semivariance

(γ) measures the spatial relationship of RS at two locations (x and x+h) separated by a lag

distance h:

γ(h) =
1

2n(h)

n∑
x=1

(Rsx −Rsx+h)
2

where n(h) is the number of pairs at distance h (Stoyan et al., 2000; Mitra et al., 2014).

Semivariance was graphed versus h in a semivariogram and fit with nugget, linear, or expo-

nential semivariogram models to determine the degree and scale of spatial autocorrelation

of RS. The fitted model for each semivariogram was chosen by minimizing the residual er-

ror sum of squares (SSE). A detailed description of this spatial data analysis is provided

in Appendix B. No spatial autocorrelation (i.e., spatial independence) corresponded with

a nugget model, moderate spatial autocorrelation corresponded with an exponential model,

and strong spatial autocorrelation corresponded with the linear model.

The relationships between RS and edaphic, forest floor, and root variables were evalu-

ated with Pearson’s correlation coefficients at α = 0.10 within each plot and across all three

plots. Because of high multicollinearity amongst stand structural variables, the relationship

between RS and stand structural variables was examined with principal components analysis

and correlation coefficients following Søe and Buchmann (2005). Multiple linear regression

models were developed through stepwise model selection for each plot and across all three
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plots. The residuals of the multiple linear regression models were tested for spatial autocor-

relation with semivariogram analysis and for multicollinearity with variance inflation factors

(VIFs).

3.4 Results

3.4.1 Spatial variation in RS and edaphic variables

Daily maximum air temperature varied from 27.8 to 38.3 ◦C during the measurement

period from July 14, 2012 through August 17, 2012 at Columbus Metropolitan Airport

Weather Station (Fig. 3.3) (National Climatic Data Center, 2015b). Daily minimum temper-

ature ranged from 26.7 to 17.8 ◦C and daily precipitation ranged from 0.0 to 25.7 mm day−1

(Fig. 3.3). Daily mean soil temperature ranged from 25.2 to 27.1 ◦C and daily mean soil

moisture ranged from 4.0 to 14.8 % across all three plots (Table 3.3). Daily coefficients of

variation (CV) for soil temperature and soil moisture ranged from 1.4 to 3.6 % and 36.0 to

91.3 %, respectively (Table 3.3). Mean soil temperature and soil moisture were significantly

different between plots (F2,9 = 5.77, p = 0.0244 and F2,9 = 40.12, p < 0.0001, respectively;

Table 3.4). Plot means and CVs for other edaphic variables are given in Table 3.4.

Daily coefficients of variation for RS ranged from 28.4 to 46.5 % (Table 3.3). Across

the six measurement days, mean RS in Plot 1 was 5.3µmol m−2 s−1 (Fig. 3.4A) and showed

highly autocorrelated spatial structure (linear semivariogram model; Fig. 3.4D, Table 3.4).

In Plot 2, RS averaged 3.9µmol m−2 s−1 and showed spatial independence (nugget semivari-

ogram model; Figs 3.4B and E). Soil respiration was 4.1µmol m−2 s−1 on average in Plot 3

and demonstrated moderate spatial structure with a range of 10.9 m (exponential semivar-

iogram model; Figs 3.4C and F). Soil respiration was significantly different between plots

(F2,9 = 215.54, p < 0.0001; Table 3.4).
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3.4.2 Spatial variation in forest floor and root variables

Mean ± SE (CV) litter mass for Plot 1, Plot 2, and Plot 3 were 7.2±1.4 (100.7), 4.6±0.4

(48.7), and 6.7 ± 0.8 (54.9), respectively. Total percent cover ranged from 68.7 to 85.6 %

across the plots and was dominated by graminoid cover class in each plot (Fig. 3.5A). In Plots

1 and 3, the very fine size class dominated live root biomass, and in Plot 2, the very coarse

size class dominated the live root biomass (Fig. 3.5B). Coarse dead root biomass ranged

from 0.3 to 0.9 Mg ha−1 and very coarse dead root biomass ranged from 0.5 to 3.6 Mg ha−1.

3.4.3 Spatial variation in stand structural variables

In general, Plot 1 had the highest density of trees, a higher mean number of trees within

each radius, and lower mean distance to nearest tree from RS collar (Fig. 3.2, Tables 3.2 and

3.5). Plot 2 had the lowest total basal area and highest density of longleaf pine saplings,

which tended to cluster in the east and north portions of the tree survey extent, which

extended 8 m from each RS collar (Fig. 3.2, Table 3.2). Plot 3 varied from an area of higher

hardwood sapling density in the northeast to an area with few, larger longleaf pine trees in

the southwest portion of the tree survey extent (Fig. 3.2).

3.4.4 Relationships between RS and ecological covariates

The following variables were not significantly related to spatial variation in RS in any

plot or across all three plots: soil temperature; live very fine, coarse, or very coarse root

biomass; dead very coarse root biomass; soil N, OM, or C; total, woody, legume, vine, or

graminoid percent cover; number of trees within 8, 6, 4, or 2 m; mean or total DBH of trees

within 6 m; and distance to nearest neighboring tree from RS collar. Mean and total DBH

of trees within 1 m were highly correlated (r = 0.99), and thus of these two variables, only

the mean DBH of trees within 1 m was retained for further analysis.

In Plot 1, RS was significantly and negatively related to soil bulk density and positively

related to litter mass, mean DBH of trees within 4 m, mean and total DBH of trees within
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2 m, and mean DBH of trees within 1 m (Figs. 3.6 and 3.7). The final multiple linear

regression for Plot 1 included bulk density and mean DBH of trees within 1 m, and this

model accounted for 37 % of the spatial variation in RS in Plot 1 (Table 3.6). This model

did not account for the spatial autocorrelation of RS in Plot 1, as residuals were strongly

autocorrelated (linear semivariogram model), but multicollinearity amongst regressors was

not present (VIFs < 1.10).

In Plot 2, spatial variation in RS was significantly and negatively correlated with soil

moisture, bulk density, and total and mean DBH of trees within 4 m (Figs. 3.6 and 3.7). The

final multiple linear regression model included soil bulk density and total DBH of trees within

4 m and accounted for 23 % of the spatial variation in RS in Plot 2 (Table 3.6). Residuals

exhibited spatial independence with semivariogram analysis (nugget semivariogram model)

and VIFs were less than 1.01.

Fine live root biomass was the only variable that significantly correlated with RS in

Plot 3, and accounted for 13 % of the spatial variation of RS in Plot 3 (Fig. 3.6, Table 3.6).

Residuals from fine root biomass versus Plot 3 RS were spatially independent (nugget semi-

variogram model).

Soil moisture and coarse dead roots negatively correlated with RS across all three plots,

and litter mass, forb cover, and fine live roots positively correlated with RS across all three

plots (Fig. 3.6). Soil respiration was closely related to mean DBH within 2 m, total DBH

within 2 m, and mean DBH within 1 m when analyzed across all plots with principal compo-

nents analysis (Fig. 3.8). Total DBH of trees within 8 m was also positively correlated with

RS across all three plots (Fig. 3.7). The final multiple linear regression model for all three

plots combined included soil moisture, litter mass, coarse dead root biomass, and mean DBH

of trees within 1 m (Table 3.6). This multiple linear regression model accounted for 33 %

of the spatial variation in RS across plots, had residuals that were spatially independent

(nugget semivariogram model), and had VIFs less than 1.27.
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3.5 Discussion

The range and strength of the spatial structure of RS varied between plots, from being

spatially independent in Plot 2, moderately spatially autocorrelated in Plot 3, and highly

spatially autocorrelated in Plot 1. Management type and intensity is one factor that has

been shown to affect spatial variation and autocorrelation in RS (Dore et al., 2014). In this

64-year-old longleaf pine stand, prescribed fire is the only current management technique

and is applied on a 3-year return interval. Fire intensity varies within a stand whereby

low fire intensities are proximal to fire breaks and high fire intensities are more prevalent

towards stand interiors (Lashley et al., 2014). Biennial or annual fires have been found to

decrease litter mass compared with fire suppression (Brockway and Lewis, 1997), and higher

fire intensities generally correspond with lower hardwood density (Lashley et al., 2014) and

less spatial structure in soil edaphic properties (Lavoie et al., 2012). Based upon the spatial

locations of the three plots relative to burn breaks and the relative differences in litter,

hardwood saplings, and soil edaphic properties, perhaps fire intensity may have influenced

the spatial variability in RS between plots. However, lacking any direct information on fire

intensity, this mechanism for between-plot differences in the structure of RS is difficult to

quantify.

Soil moisture, which varied between plots and is influenced by topography, soil depth,

transpiration, and tree basal area (Tromp-van Meerveld and McDonnell, 2006), has also been

shown to moderate the spatial structure of RS. Specifically, high soil moisture conditions

have low spatial variability (Tromp-van Meerveld and McDonnell, 2006), and can exhibit

a concomitant homogenizing effect on RS. For instance, high soil moisture reduced the

spatial variation in RS in sandy grasslands (Fóti et al., 2014), and heavy rainfall made RS

on bare soil plots spatially independent compared to highly autocorrelated on dryer days

(La Scala, Jr. et al., 2000). In addition to affecting the overall spatial autocorrelation of

RS, soil moisture has also been shown to correlate with spatial variability in RS in planted

pine and secondary oak forests in China (Luan et al., 2012), in Sitka spruce (Picea sitchensis
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(Bong.) Carrière) forests (Saiz et al., 2006), and in a beech (Fagus sylvatica L.) forest (Søe

and Buchmann, 2005). In this study, soil moisture was significantly, negatively related to

RS within Plot 1, where it was the highest on average between plots. In particular, at

least one RS measurement subplot within Plot 2 was at or above field capacity (18.2 %) on

every measurement day, and soil moisture was as high as 35.8 % in one subplot in Plot 2 on

August 2, 2012. Soil moisture was least related to RS in Plot 1, where soil moisture was the

lowest with the least spatial variability, and negatively but not significantly related with RS

in Plot 3, which had intermediate soil moisture levels and variability. The presence of soil

water decreases CO2 diffusivity through soil pores, decreasing RS (Maier et al., 2010). Soil

moisture can also limit autotrophic and heterotrophic activity at very low levels (Orchard

and Cook, 1983), however soil moisture was never measured below wilting point in these

plots during this study, which suggests that the negative relationship observed between RS

and soil moisture is more likely due to high soil moisture conditions rather than drought-like

soil conditions.

The variables that were related to RS across all the plots included soil moisture, litter

mass, forb cover, roots, and stand structural variables. However, because of the general

differences in these variables between plots, it is difficult to determine at what scale these

relationships apply (i.e., within-plot or between-plot variation). Plot variation in litter mass

and forb cover may have been due to fire intensity (Brockway and Lewis, 1997) or interactions

with overstory trees, including facilitation between herbaceous species and trees (Vetaas,

1992) and the accumulation of bark and leaf litter around trees (Zinke, 1962). Because litter

mass can directly increase heterotrophic respiration and is approximately 15-25 % of total

RS in coniferous forests (Reinke et al., 1981; Irvine and Law, 2002; Taneva and Gonzalez-

Meler, 2011), we expected litter mass to strongly relate to RS within this longleaf pine

forest. Furthermore, litter mass influenced intra-annual variation in RS beyond the RS-

temperature relationship in four diverse longleaf pine stands (Chapter 2), and litter mass was

positively related to temporal variation in RS and annual RS estimates in mature longleaf
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pine stands varying in basal area (Samuelson and Whitaker, 2012). Litter has also been

found to be specifically related to spatial variation in RS in Florida slash pine plantations

(Fang et al., 1998) and in unmanaged California mixed-conifer forests (Dore et al., 2014).

However, although litter mass did exhibit a positive relationship with RS within and across

all three stands, this relationship was not always significant. Measuring standing litter mass

within the collars may not have captured true spatial heterogeneity of litter quality and

decomposition rates in these stands and thus the influence of litter mass on RS may be

confounded by varying decomposition rates and C:N ratios of leaf litter sources (Vetaas,

1992; Tjoelker et al., 2005).

Within a forest, soil bulk density exhibits spatial variability due, in part, to the pres-

ence of trees (Zinke, 1962), and soil bulk density was the only edaphic variable that was

significantly related to RS in more than one plot. Bulk density was inversely related to RS

such that as bulk density increased, RS decreased, which is a fairly common relationship

found in RS studies and relates to the diffusion properties of CO2 through soil (Raich and

Schlesinger, 1992). For instance, in burned mixed-conifer forests in California (Dore et al.,

2014) and in naturally regenerated oak forests and monoculture pine plantations in China

(Luan et al., 2012), soil bulk density was inversely related to RS.

Total understory cover was not related to spatial variation of RS in any of these studies,

perhaps due to the low spatial variability and high continuous herbaceous cover of this

stand during the growing season when RS measurements were made. Continuous herbaceous

understories are indicative of woodland- and savanna-type ecosystems, and vegetation cover

may have a weak influence on spatial heterogeneity in RS in such systems (Vetaas, 1992).

In Chapter 2, vegetation cover positively related to the intra-annual variation in RS but

followed seasonal increases in soil temperature such that cover did not account for any

additional variation in RS after accounting for the RS-temperature relationship. Understory

sagebrush (Artemisia spp.) and saw palmetto (Serenoa repens (W. Bartram) Small) have

been shown to affect spatial variation in RS in Wyoming shrublands (Mitra et al., 2014)
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and a Florida slash pine plantation (Fang et al., 1998), respectively, but in both cases, the

understory was reportedly patchy, compared to the relatively continuous understory of this

study.

Live fine root biomass was generally positively related to RS across these stands and

was the only variable correlated with RS in Plot 3. Fine roots were also positively related to

spatial variation in RS in control mixed-conifer forests (Dore et al., 2014), in an unmanaged

beech forest (Søe and Buchmann, 2005), and in a slash pine plantation (Fang et al., 1998).

Total root volume, but not mass, exhibited a positive influence upon the spatial, temperature

independent variation in RS measured in spring in loblolly pine plantations varying in age

(Wiseman and Seiler, 2004). Dead coarse roots, on the other hand, were negatively related

to RS, perhaps due to the absence of autotrophic respiration and depleted labile carbon

substrates for heterotrophic respiration. In Chapter 4, the higher presence of dead roots in

root exclusion tubes corresponded with significantly lower RS, where it was concluded that

residual RS in the tubes was mostly heterotrophic in origin and 18 to 39 % lower than total

RS from control soil.

Overall, RS was positively linked with mean DBH of trees within 1 and 2 m of the RS

collars, based on the PCA analysis. Proximity to trees has been shown to increase RS in

other studies, such as across longleaf pine stands varying in age and structure (Chapter 2)

and in a 22-year-old longleaf pine forest (Clinton et al., 2011). In loblolly pine plantations

varying in age, RS was significantly higher at the base of loblolly trees than 1.5 m away from

trees, which was hypothesized to be due to higher root biomass and autotrophic respiration

near tree bases (Wiseman and Seiler, 2004). However, in the current study the direction

of the relationships between RS and the size of trees varied between plots at intermediate

distances (4 to 2 m), perhaps corresponding with the diverse stand structures of the three

plots. For example, Plot 2 showed a depression of RS in the center of the plot, in an area of

more mature trees and less saplings, compared to Plot 1 which had highest RS areas in the

northern extent of the plot where relatively fewer saplings and more large mature longleaf
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pine trees were present. The spatial influence of trees on RS in longleaf pine trees may be

further confounded by the complex spatial network of longleaf pine lateral roots that extend

beyond the canopy boundaries and vary in shape and extent due to age, competitive status

within the forest, and topography (Heyward, 1933; Hodgkins and Nichols, 1977).

3.6 Conclusion

Both the spatial patterns in RS and the relationships between RS and ecological co-

variates showed complex variation within this 64-year-old longleaf pine forest. Fang et al.

(1998) concluded in a previous spatial RS study that soil microbial respiration held the most

control over the spatial variation in RS, followed by litter microbial respiration, and least by

autotrophic respiration (Fang et al., 1998). In agreement with Fang et al. (1998), we found

that edaphic variables, such as soil moisture and bulk density, also correlated with spatial

variation in RS in this study, perhaps by directly affecting microbial respiration. However,

forest floor and stand structural variables also affected RS patterns in this forest, including

litter mass, root biomass, and the size of trees within 1 m of RS measurements. We suggest

that the relatively simple spatial patterns in RS observed in the monoculture slash pine

plantation of Fang et al. (1998) allowed for more general plant-soil mechanisms of RS to

be developed, but that in this mature, spatially heterogeneous longleaf pine forest, above-

and belowground interactions between plants, soil, topography, and perhaps fire intensity,

have resulted in a much more complex profile of RS. Therefore, we conclude that this study,

which is the first of its kind in longleaf pine forest, proposes some potential mechanisms for

the development of spatial RS profiles within a mature longleaf pine forest, but also high-

lights the need for more direct, controlled studies of the plant-soil mechanisms driving RS in

heterogeneous longleaf pine forests.
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Figure 3.1: The study site was a 64-year-old longleaf pine forest located in eastern Al-
abama (Inset Map). Three plots were established within the stand and each contained a 5
by 5 grid of 25 RS collars spaced 6 m apart. July 2012 tree inventory data was collected
within the tree survey extent polygons, which extend 8 m from each RS collar. Aerial
imagery from Bing Maps and 10 m DEM contour lines from Geospatial Data Gateway
(www.datagateway.nrcs.usda.gov).
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mature (DBH ≥ 10 cm) and sapling (DBH < 10 cm).

78



Date

7/11/2012  7/21/2012  7/31/2012  8/10/2012  8/20/2012  

P
re

ci
pi

ta
ti

on
 (

m
m

)

0

5

10

15

20

25

30

T
em

pe
ra

tu
re

 (
°C

)

0

10

20

30

40

50

Precipitation
Daily Maximum Temp.
Daily Minimum Temp.
Rs Sampling Dates
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Table 3.1: Abbreviations and units of all measured ecological covariates by category.

Category Abbr. Units Variable
Edaphic Tsoil

◦C soil temperature
θ % soil moisture
pH – soil pH
BD g cm−3 soil bulk density
C Mg ha−1 soil carbon
OM Mg ha−1 soil organic matter
N Mg ha−1 soil nitrogen

Forest Floor LM Mg ha−1 litter mass
TC % total cover
WC % woody cover
FC % forb cover
LC % legume cover
VC % vine cover
GC % graminoid cover

Roots VF Mg ha−1 very fine live roots
F Mg ha−1 fine live roots
C Mg ha−1 coarse live roots
VC Mg ha−1 very coarse live roots
CD Mg ha−1 coarse dead roots
VCD Mg ha−1 very coarse dead roots

Structural tD-r cm total DBH within r radius of RS collar
mD-r cm mean DBH within r radius of RS collar
nD-r – number of trees within r radius of RS collar
NNd m distance to nearest tree from RS collar
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Table 3.2: Basal area (BA, m2 ha−1), tree density (trees ha−1), and mean DBH (cm) of
longleaf pine (LLP), other pine (OP), and hardwood (HWD) tree species by diameter class
measured in a 64-year-old longleaf pine forest. Inventoried trees were taller than 2 m in
height with DBH greater than 1 cm. Diameter classes include mature (DBH ≥ 10 cm) and
sapling (DBH < 10 cm).

Plot 1 Plot 2 Plot 3
Species Size BA Density DBH BA Density DBH BA Density DBH
LLP Mature 10.3 85.2 19.0 8.0 78.6 35.1 13.2 124.5 36.1

Sapling 0.4 203.1 5.0 0.7 373.4 4.6 0.2 85.2 4.5
OP Mature 4.1 65.5 26.4 2.7 32.8 29.8 – 0.0 –

Sapling 0.1 32.8 4.7 0.1 52.4 4.0 – 0.0 –
HWD Mature – 0.0 – – 0.0 – – 0.0 –

Sapling 0.2 661.6 1.9 < 0.1 78.6 2.0 0.1 340.6 1.9
Total – 15.1 1048 7.0 11.5 615.7 9.5 13.5 550.2 10.0
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Table 3.3: Daily mean, standard error (SE), and coefficient of variation (CV, %) of soil
temperature, soil moisture, and soil respiration across all three plots (n = 75) measured in
a 64-year-old longleaf pine forest.

Soil temperature Soil moisture Soil respiration
Date Mean±SE CV Mean±SE CV Mean±SE CV
July 14, 2012 25.67±0.08 2.6 5.04±0.40 68.6 5.36±0.20 32.9
July 24, 2012 26.08±0.10 3.3 3.95±0.34 73.9 3.75±0.18 41.5
July 26, 2012 27.12±0.11 3.6 4.15±0.44 91.3 3.15±0.17 46.5
August 2, 2012 26.66±0.06 2.1 12.66±0.65 44.3 4.82±018 31.4
August 14, 2012 25.23±0.05 1.4 11.84±0.62 36.4 5.22±0.21 28.4
August 17, 2012 25.65±0.05 1.5 14.80±0.62 36.2 4.46±0.17 32.5
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Table 3.4: Mean, standard error (SE), and coefficient of variation (CV, %) of soil respiration
(RS) and edaphic variables by plot (n = 25) measured in a 64-year-old longleaf pine forest.
Different lowercase letters indicate significant plot differences at p < 0.05 based on repeated
measure mixed-model analysis. Variable abbreviations and units are described in Table 3.1.

Plot 1 Plot 2 Plot 3
Variable Mean±SE CV Mean±SE CV Mean±SE CV
RS 5.26±0.31a 29.0 3.85±0.27b 34.7 4.14±0.22b 25.9
Tsoil 26.02±0.10ab 2.0 26.47±0.15a 2.9 25.93±0.10b 1.9
θ 6.52±0.40a 30.5 10.39±0.84b 40.5 9.20±0.67c 34.7
pH 5.04±0.04 4.2 4.86±0.04 4.5 4.85±0.04 4.3
BD 1.34±0.03 11.9 1.19±0.02 8.8 1.25±0.02 9.2
C 20.21±1.23 30.4 34.05±1.53 22.5 25.66±1.49 27.8
OM 34.76±2.11 30.4 58.57±2.64 22.5 44.14±2.56 27.8
N 1.00±0.05 26.06 1.53±0.05 17.7 1.10±0.06 25.6
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Table 3.5: Mean, standard error (SE), and coefficient of variation (CV, %) of stand struc-
tural variables by plot (n = 25) measured in a 64-year-old longleaf pine forest. Variable
abbreviations and units are described in Table 3.1.

Plot 1 Plot 2 Plot 3
Variable Mean±SE CV Mean±SE CV Mean±SE CV
nD-8 22.2±3.6 82.4 11.2±1.5 68.7 9.3±1.7 85.8
mD-8 10.3±1.4 66.2 13.4±1.5 56.5 17.7±2.3 62.7
tD-8 145.4±7.2 24.7 114.3±8.9 39.0 101.5±9.6 45.2
nD-6 10.8±1.8 83.9 6.7±0.9 68.5 4.8±1.0 102.0
mD-6 12.1±2.5 102.5 13.6±1.8 67.2 18.4±3.1 81.3
tD-6 69.7±5.4 39.1 71.3±7.2 50.4 54.1±8.3 73.6
nD-4 4.4±0.7 84.5 2.8±0.6 106.8 2.0±0.6 131.5
mD-4 10.7±2.6 122.3 9.8±2.3 115.9 12.9±3.3 123.7
tD-4 30.9±4.3 69.7 27.7±5.4 97.4 21.2±4.0 96.1
nD-2 1.2±0.3 129.5 0.7±0.2 141.9 0.6±0.2 183.6
mD-2 7.9±3.1 191.5 5.4±2.2 206.1 3.2±1.9 279.9
tD-2 10.4±3.2 152.6 6.7±2.3 171.4 4.8±2.4 240.0
nD-1 0.4±0.1 147.9 0.1±0.1 276.4 0.1±0.1 331.3
mD-1 5.9±2.9 242.9 1.3±0.9 355.8 0.2±0.1 344.6
tD-1 6.1±2.9 235.6 1.3±0.9 355.8 0.2±0.1 344.6
NNd 1.9±0.3 72.9 2.6±0.3 56.2 3.0±0.3 52.0
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Chapter 4

Partitioning longleaf pine soil respiration into its autotrophic

and heterotrophic components through root exclusion
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4.1 Abstract

Soil respiration (RS) results from the metabolic activity of autotrophs and heterotrophs

within the soil and litter profiles. Root exclusion techniques have been developed to remove

autotrophic respiration sources from photosynthate supply, thus reducing RS to its het-

erotrophic respiration (RH) component. Small root exclusion tubes can be used to provide

relatively inexpensive and rapid estimates of heterotrophic respiration compared to larger

scale trenching techniques. Small root exclusion tubes were used in this study to partition

RS into its heterotrophic component in three 26-year-old longleaf pine stands in western

Georgia. Heterotrophic respiration as measured on the root exclusion tubes was corrected

for pretreatment RS variation between the treatment and control collars and for CO2 loss

from root decay. The range in the ratio of RH to RS was 61 to 82 %, depending upon the

estimation method that was applied to the RH measurements.

4.2 Introduction

Anthropogenic emission of greenhouse gases and concomitant global climate changes

have fostered an impetus for the modeling and quantifying of global carbon stocks and bal-

ances within terrestrial ecosystems. For instance, the United States Department of Defense

has been examining the potential to offset its CO2 emissions by increasing the carbon sinks of

the forested ecosystems on its bases, such as the longleaf pine (Pinus palustris Mill.) forests

in the southeastern US (Bush, 2007; Lopez, 2009; Zhao et al., 2010). The overall carbon

balance of an ecosystem is dependent upon carbon assimilation (i.e., photosynthesis) being

larger in magnitude than the carbon lost from ecosystem respiration, oxidation from fires,

and carbon removal (e.g., biomass harvesting, herbivory, run-off, leaching) (Lovett et al.,

2006). Soil heterotrophic respiration is the largest heterotrophic component of ecosystem

respiration and is often compared with net primary productivity (NPP) to estimate whether

forests are carbon sinks or sources (Lovett et al., 2006; Harmon et al., 2011). Net primary
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productivity and related standing carbon stocks of longleaf pine forests have been previously

examined (e.g. Mitchell et al., 1999; Hendricks et al., 2006; Samuelson et al., 2014); however,

relatively less is known about the magnitude of RH in longleaf pine forests, thus hindering

accurate estimates of the carbon balance of longleaf pine forests. Specifically, the proportion

of RH to total soil respiration has been estimated only in one study (85–96 %) (Collins, 2005),

and no known annual estimates of longleaf pine RH have been published.

Partitioning RS into autotrophic and heterotrophic components is difficult, and methods

that have been developed to do so each have inherent strengths and weaknesses (Hanson

et al., 2000; Kuzyakov, 2006). One such technique uses trenching to sever existing roots in

order to cut off the photosynthetic carbon allocation pathway, which then theoretically leaves

residual heterotrophic activity in the soil and allows for direct measurement of RH (Subke

et al., 2006). With this technique, plots that are trenched are often fairly large and in place

for a year or more before RH is measured (Vogel and Valentine, 2005). The downside of using

a trenching method includes: (1) modification to the soil environment due to a changes in

evapotranspirational demand from root-severed soil and in runoff and leaching patterns; (2)

an increase in RH due to the newly deceased root tissues in the root-severed soil; (3) residual

autotrophic respiration (RA) may continue in severed roots with large starch reserves; and

(4) eventual changes in the microbial community composition as labile substrates diminish

and microbes that decompose recalcitrant organic material become more dominant (Hanson

et al., 2000; Vogel and Valentine, 2005; Kuzyakov, 2006; Subke et al., 2006; Dı́az-Pinés et al.,

2010). In order to mitigate these artifacts, a technique to measure RH from root-excluded

soils utilizing small diameter root exclusion tubes has been developed (Vogel and Valentine,

2005). Heterotrophic respiration can be more readily estimated after installation when using

small root exclusion tubes compared to trenching plots, thus reducing potential changes in

soil environment and microbial community composition (Vogel and Valentine, 2005). Also,

since small root exclusion tubes are easier to install than the effort and expense necessary for

trenching, they can be installed with higher replications and staggered over time to determine
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how the profile of RH changes seasonally or in response to disturbances. Finally, when small

root exclusion tubes are coupled with root biomass measurements, the amount of root decay

that has occurred post-treatment can be quantified and used to recalculate more accurate

estimates of RH (Subke et al., 2006; Bond-Lamberty et al., 2011).

The objective of this study was to estimate the proportion of RH to RS in longleaf pine

plantations. Root exclusion tubes were installed in three 26-year-old longleaf pine stands

in western Georgia and compared with paired control RS measurements to determine the

proportion of RH to total RS. We attempted to reduce the impacts of residual starch reserves

in longleaf pine roots by installing the root exclusion treatment in mid-May during a period

of starch depletion (Sword Sayer and Haywood, 2006), and we incorporated an estimation

of fine root decay into RH/RS based upon measurements of root biomass in both the root-

excluded and control soil profiles.

4.3 Methods

4.3.1 Study Site

This study was conducted in three 26-year-old longleaf pine stands located on property

in a conservation easement held by The Nature Conservancy within the Chattahoochee Fall

Line Wildlife Management area in Talbot County, Georgia (Fig. 4.1, Table 4.1). These

stands were located within the Sand Hills Ecoregion, which is characterized by dry, deep

sand and gently rolling hills that are excessively drained and nutrient poor (Griffith et al.,

2001). All three stands were planted in 1988 at a density of 1793 seedlings ha−1 and spacing

of 1.8 m by 3.0 m. Although no historical records are available for these specific stands, the

presence of turpentine stumps in the area and historical records for the area indicate that

these stands were previously native pine forests used for turpentine and rosin extraction

(George Matusick, personal communication). Mean annual air temperature for this area is

24.6 ◦C with mean January and July air temperatures of 8.4 ◦C and 28.1 ◦C, respectively

(National Climatic Data Center, 2015a). Mean precipitation is 1180 mm, spread evenly
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throughout the year. Stands 1 and 2 were located in Lakeland sand soil (2 to 5 % slopes,

excessively drained) and Stand 3 was located in a Troup loamy sand soil (2 to 5 % slopes,

somewhat excessively drained) (Soil Survey Staff, 2014). Longleaf pine basal area ranged

from 17.3 to 21.4 m2 ha−1 and density ranged from 978 to 1567 trees ha−1 across the three

stands (Table 4.1). Mean diameter at breast height (1.37 m, DBH) of longleaf pine trees

ranged from 11.5 to 15.4 cm. Oak (Quercus spp.) basal area ranged from 0.0 to 0.2 m3 ha−1,

density ranged from 0 to 89 trees ha−1, and mean DBH ranged from 4.0 to 4.4 cm.

4.3.2 Experimental Design

In this randomized complete block design, one 30 m by 30 m plot was established in

each stand and five trees were randomly selected from within each plot from a gridded

identification system based on row and tree number (Fig. 4.2). At each tree, one of four

directions was randomly selected at a 45◦ angle to the rows. A temporary RS collar (PVC,

10 cm diameter, 4.5 cm length) was placed at 1.0 m from the tree in that direction and an

additional temporary RS collar was placed 1.0 m away from a randomly selected adjacent

tree (i.e., same row) in a parallel direction to the first temporary collar. Litter was cleared

away from the location of collar placement and the collars were gently pounded into the soil

to a depth of 2.0 cm. On May 10, 2013, these temporary collars were used for initial RS

measurements. Subsequently, the experiment was expanded to include five more trees per

plot and the same protocol was followed to install two associated temporary collars at each

tree. These temporary collars were measured for initial RS rates on May 15, 2013.

After initial RS measurements were made on the temporary collars, root exclusion tubes

were installed at one randomly selected temporary collar from each pair. Root exclusion

tubes were constructed from a 10 cm diameter stainless steel tube cut to 60 cm length with

a sharp, beveled edge. Tubes were pounded into the ground with a rubber mallet and

board until approximately 2 cm from the soil surface. A 2.5 cm long, 10 cm diameter PVC

collar was glued to the exposed top of each root exclusion tube with instant epoxy and
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waterproof silicone sealant to create an air-tight seal. After the epoxy and silicone had set,

the root exclusion tubes were gently pushed down into the soil until the metal tube edge was

flush with the adjacent undisturbed soil, leaving 2.5 cm of PVC collar aboveground. The

remaining ten temporary collars per plot became permanent control treatment collars (i.e.,

no root exclusion). All root exclusion tubes were installed on May 14 or 16, 2013. Litter

was removed and live vegetation was clipped from within all collars as needed to maintain

bare soil.

4.3.3 Soil Respiration Measurements

Soil respiration was measured on both root exclusion collars and control collars by

placing a LI-COR 6400-09 soil respiration chamber connected to a LI-COR 6400 infrared

gas analyzer (LI-COR Biosciences, Lincoln, NE) on the portion of PVC located above the

ground. A styrofoam gasket was used on the soil respiration chamber to create an air tight

seal with the collars and the depth to soil surface within each collar was used to calculate

chamber volume for RS measurements. Soil respiration was measured at approximately 2-

week intervals from May 10, 2013 (first pretreatment measurement) through August 26,

2013; however, measurements could not be made in mid-August 2013 because of heavy

rains. All RS measurements were made from 830-1300 hr EST. Soil temperature and soil

moisture were measured within 10 cm of the collars at the time of RS measurements with a

15 cm-depth soil temperature probe connected to the LI-COR 6400 and a 20 cm-depth time

domain reflectometry soil moisture probe (Hydrosense II, Campbell Scientific, Inc., Logan,

UT), respectively. After the final RS measurement was made at each collar on August

26, 2013, soil moisture and soil temperature were measured within each collar to test for

treatment effects on the soil environment, albeit on only one date.
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4.3.4 Soil Sampling

Following the final RS measurements, soil samples were removed from directly under-

neath the control collars with a 10 cm diameter soil auger at depths of 0-15 cm, 15-30 cm,

30-45 cm, and 45-60 cm and placed in plastic bags for transport. Root exclusion collars and

tubes were pulled out of the ground, sealed with plastic, and transported to the lab for pro-

cessing. In the laboratory, soil was removed from root exclusion tubes in sections of 15 cm

lengths to correspond with soil depths of 0-15 cm, 15-30 cm, 30-45 cm, and 45-60 cm. All soil

was air dried and sifted through a 2 mm sieve. Roots were removed, washed, and sorted

into fine and coarse size classes (diameter ≤ 2 mm or diameter > 2 mm, respectively) and

live versus dead based on texture, color and resiliency. Roots were oven dried at 70 ◦C and

weighed.

4.3.5 Data Analysis

This randomized complete block design was replicated in each stand with temporary

collar pairs as blocks, individual collars as experimental units, and two treatments: root ex-

clusion tubes or control (RS collar only, no root exclusion). To account for random variation

between stands and between blocks, treatment effects were analyzed with a mixed-model

approach at each measurement date (n = 60). The initial, pretreatment RS measurements

were pooled over May 10 and 15. All statistical analysis was done in SAS (version 9.3, SAS

Institute Inc., Cary, NC) with a significance level of α = 0.05.

The mean fine root decay rate (k) was calculated based upon the mean reduction in

live fine root biomass in the root exclusion tubes compared to the control soil over the study

duration. Total live fine root biomass over the entire sampled soil profile (0–60 cm depth) was

used for these calculations. The total loss of live fine root biomass was stoichiometrically

converted to µmol CO2 m2 s−1 assuming fine roots were 50 % carbon by mass (Woodbury

et al., 2007).
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Total RS was measured from control collars directly, whereas RH was estimated in four

ways:

1. RS from the root exclusion tubes (Rexc) was used as a direct proxy for RH;

2. RH was estimated by correcting Rexc by within-block, pretreatment RS variation (Maier

et al., 2013);

3. RH was estimated by correcting Rexc for CO2 loss due to fine root decay (k) (Dı́az-Pinés

et al., 2010); and

4. RH was estimated by correcting Rexc for both within-block, pretreatment RS variation

and CO2 loss due to k (methods 2 and 3 combined).

4.4 Results

During the duration of the experiment (May 10 through August 26, 2013), daily max-

imum temperature ranged from 22.2 to 35.0 ◦C and daily minimum temperature ranged

from 9.4 to 25.6 ◦C (Fig. 4.3A) (National Climatic Data Center, 2015b). Daily precipitation

ranged from 0.0 to 145.5 mm day−1 (Fig. 4.3A). Daily mean soil temperature near collars

ranged from 19.9 to 26.2 ◦C, and on the final measurement day, August 26, 2013, mean soil

temperature was 22.8 ◦C and 22.9 ◦C within the control collars and root exclusion tubes,

respectively (Fig. 4.3B, Table 4.2). Soil temperature was not significantly different between

measurements made within or near the collars for either treatment (Table 4.2). Daily mean

soil moisture ranged from 2.9 to 7.1 % near the control collars and 3.1 to 6.8 % near the root

exclusion tubes (Fig. 4.3C). On the final measurement day, mean soil moisture was 6.3 %

and 7.8 % within the control collars and root exclusion tubes, respectively. Soil moisture

was significantly higher within the root exclusion tubes than near the root exclusion tubes,

but not significantly different between measurements made near or within control collars

(Table 4.2).
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Mean uncorrected Rexc ranged from 2.7 to 4.1µmol m−2 s−1 (Fig. 4.4A). Mean control

collar RS ranged from 3.2 to 4.0µmol m−2 s−1 over the 108-day study period and was sig-

nificantly higher than uncorrected Rexc on the fourth, sixth, and final measurement dates

(June 26, July 29, and August 26, 2013; Table 4.3). Mean Rexc corrected for within-block,

pretreatment RS variation ranged from 2.5 to 3.9µmol m−2 s−1 and was also significantly

lower than control collar RS on the fourth, sixth, and final measurement dates (Fig. 4.4B;

Table 4.3). The estimated ratio of RH to RS was 81.9 % and 76.9 % based on uncorrected

Rexc and Rexc corrected for within-block, pretreatment RS variation, respectively (Table 4.4).

Root biomass diminished with depth in the soil (Fig. 4.5). The majority of root biomass

was within the top 15 cm of soil (55.1 %), followed by 15-30 cm, 30-45 cm, and 45-60 cm depths

(24.6 %, 11.4 %, and 8.9 %, respectively). In the top 15 cm of soil, live fine and coarse root

biomass were significantly lower in root exclusion tubes than under control collars (Table 4.5).

In both 0-15 cm and 15-30 cm soil depths, dead root biomass was significantly higher in root

exclusion tubes than under control collars (Table 4.5). Live fine root decay ranged from

k = 0.07 to 0.24 (mean k = 0.13 ± 0.08 yr−1) and accounted for an additional flux of CO2

from root exclusion collars of approximately 0.5 ± 0.3µmol m−2 s−1. Incorporation of root

decay decreased the estimated ratio of RH to RS to 61.3 % and 66.3 % with and without

additional correction for within-block, pretreatment RS variation, respectively (Table 4.4).

4.5 Discussion

This study utilized small root exclusion tubes for relatively rapid estimation of RH

and total RS in 26-year-old longleaf pine forests in western Georgia. After 41–43 days

on the fourth measurement date (June 26, 2013), RS from the root exclusion tubes was

significantly lower than RS from the control collars and corresponded with a ratio of RH to

RS of 83.5±5.5 % to 88.2±4.8 % with and without correction for within-block, pretreatment

RS variation, respectively. This is higher, but not substantially different, than the ratio

measured at the final measurement date, 102–104 days after root exclusion tube installation
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(August 26, 2013), which suggests that an incubation period shorter than 102–104 days may

be feasible for rapid estimates of RH and RS. Heim et al. (2015) similarly found that after

41 days, root exclusion tubes significantly reduced RS compared to adjacent, undisturbed

soil in a 9-year-old loblolly pine plantation with a corresponding ratio of RH to RS of 79.0 %.

The results of these two studies indicate that 40 to 50 days may be an adequate time

period to estimate RH from root exclusion treatment collars. However, if we would have

ended our experiment after 57–59 days on the fifth measurement date (July 12, 2013), we

would not have discerned a treatment effect and our estimation of RH/RS would have been

near 100 %. We suspect that the large rain event on July 10, two days prior to our fifth

measurement date, confounded any treatment effects. Although more rapid (i.e., within one

week) measurements of RS from root severed or trenched soil are recommended by Sayer and

Tanner (2010) to reduce methodological artifacts such as root decomposition or ingrowth, soil

moisture alteration, and microbial community composition, we did not measure RS from root

exclusion collars until after two weeks of incubation. At that point, RS from root exclusion

tubes and control collars were not significantly different. Likewise, Vogel and Valentine

(2005) suggest that measurements of RS from small root exclusion tubes within three weeks

of installation may mitigate effects of root exclusion on soil moisture. In this study, three

weeks was too short of an incubation period to determine treatment effects, and because soil

moisture was only directly measured within root exclusion tubes on the final measurement

date, we cannot postulate whether treatment effects on soil moisture were immediate or

cumulative over the study duration.

Only two known direct estimations of RH or RA in longleaf pine forests have been

previously published, one with a novel device to measure RA in situ (Cheng et al., 2005) and

another that measured RH with shallow (10 cm deep) root exclusion tubes (Collins, 2005).

The former experiment, Cheng et al. (2005), cannot be compared to this study as they did

not partition RS into its autotrophic and heterotrophic components; rather, they measured

direct RA on a per root mass basis. On the other hand, Collins (2005) provided estimates of
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the ratio of RH/RS based on comparison between root exclusion tubes to control soil after 45

days post-treatment. They found that RH/RS ranged from 90 to 96 % in stands with sandy

soils and 85 to 88 % in stands with clayey soils. These estimates are generally higher than

the range from the present study (61 to 82 %), which could be due to an overestimation of

RH in Collins (2005) from only severing the top 10 cm of roots or because CO2 loss from fine

root decay was not quantified. Our range of RH to RS compares well with estimates made

for young (8-year-old or 9-year-old) loblolly pine plantations (68 % and 79 %, respectively)

(Maier et al., 2013; Heim et al., 2015), but is higher than the ratio measured in loblolly forests

under ambient CO2 concentration and unfertilized conditions at the Duke FACE forest (54 %)

(Drake et al., 2012). Subke et al. (2006) performed a global meta-analysis of the proportion

of RH to RS based on ecosystem types, biomes, stand age, and RH partitioning methods (e.g.,

root trenching). They found that the proportion of RH to RS varied with annual RS levels.

Thus, in order to make a comparison to their results, we assumed that annual RS from these

longleaf pine stands was similar to those measured in nearby longleaf pine stands varying

in age and structure (12-14 Mg C ha−1 yr−1; Chapter 2). Unless root decay is incorporated,

our range in RH/RS is higher than expected based on the meta-analysis results at this range

of annual RS; specifically, comparable temperate coniferous ecosystems with this range of

annual RS corresponded with an RH/RS ratio of approximately 60 ± 12 % (Subke et al.,

2006).

A significant decrease in shallow live roots and increase in shallow dead roots were

observed within root exclusion tubes, suggesting that death and decay of severed roots was

present and may have caused RH estimated from root exclusion tubes to be overestimated.

Incorporating root decay estimates in this study resulted in an approximately 20 % decrease

in the proportion of RH to RS. Estimating root decay caused 2 to 24 % reduction in RH/RS

ratios in previous studies as reviewed in Subke et al. (2006); however, root decay rates cited

in Subke et al. (2006) range from k = 0.14 to 0.96 yr−1 (mean 0.32 yr−1), and root decay rates

were cited in two other RS partitioning studies as k = 0.5 yr−1 and k = 0.3 yr−1 for a boreal
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black spruce forest (Bond-Lamberty et al., 2011, 2012) and mountain Norway spruce forest

(Dı́az-Pinés et al., 2010), respectively. The lower mean root decay rate observed in this study

(k = 0.13 yr−1) may be due to a shorter time period of root exclusion incubation compared

to other studies or because starch reserves in severed longleaf pine roots delayed root decay.

Starch concentrations in longleaf pine roots peak between February and May and fine root

elongation occurs after May (Sword Sayer and Haywood, 2006); as such, we believe that

the timing of root exclusion core installation in May 2012 reduced the residual starch stores

in severed roots while simultaneously excluding new spring root growth. However, other

studies in longleaf pine have found evidence that longleaf pine roots maintain substantial

carbohydrate stores that can be used to support autotrophic respiration under photosynthate

interruption (e.g. canopy scorching; Clinton et al., 2011; Aubrey et al., 2012). Although,

had there been significant carbohydrate stores in the longleaf pine roots in this study prior

to severing, we would not have expected the significant decrease in RS that we observed in

the root-excluded soil.

4.6 Conclusion

In this study, we used small root exclusion tubes for relatively rapid assessment of

RH and highlighted the importance of corrections for initial, pretreatment variation in RS

and CO2 loss from root exclusion tubes resulting from root decay. The ratio of RH to RS

in these longleaf pine stands varied from approximately 61 to 82 %, depending upon our

estimation method, with apparent overestimations of RH occurring when root decay and

pretreatment RS variation were not considered. Although these stands had sandy soils with

excessive drainage rates, the presence of small root exclusion tubes significantly increased soil

moisture levels by only about 1 % as measured on the final measurement date. However, we

cannot rule out treatment effects on soil moisture, which may have also affected respiration

and decomposition rates with the root-excluded soil. The results of this study demonstrated

that small root exclusion tubes may supply reasonable estimates of longleaf pine RH as early
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as 40 days post-treatment and up to at least 104 days post-treatment when measured at

least three days after large rainfall events. A high replication of small root exclusion tubes

staggered over time may provide a relatively inexpensive and reliable understanding of the

profile of RH through time in longleaf pine forests.
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Figure 4.1: Location for study plots within three 26-year-old longleaf pine stands at Blackjack
Crossing Tract, Talbot County, Georgia. Note: LLP, longleaf pine.
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Figure 4.2: Schematic of experimental design (not to scale). First, a tree was chosen using
the row-tree grid (e.g., B3), then a direction at 45◦ to row was randomly selected (e.g.,
SE) and a temporary RS collar was placed 1 m from the tree in that direction. Secondly,
an adjacent tree was randomly selected (e.g., B4) and another temporary collar was placed
at 1 m from that tree in the same direction. Finally, after initial RS measurements, the
treatment factor was randomly applied to temporary collar locations; for example, a root
exclusion tube was installed in the location of the collar at tree B3 and the temporary collar
at tree B4 became the control treatment collar (i.e., no root exclusion).
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Figure 4.3: (A) Daily maximum (solid line) and minimum (dashed line) temperature and
precipitation (black bars) for Columbus Metropolitan Airport Weather Station (National
Climatic Data Center, 2015b). Triangles represent sampling dates. Soil temperature (B)
and soil moisture (C) by sampling date and treatment measured in three 26-year-old longleaf
pine stands. Note: Error bars are ±1 SE. Initial RS measurements were pooled from May 10
and May 15, 2013.
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Figure 4.4: (A) Soil respiration (RS) by control collar and root exclusion tube and (B) con-
trol collar and root exclusion tube corrected by the within-block, pretreatment RS variation
(∆Rs) by measurement date measured in three 26-year-old longleaf pine stands. Note: As-
terisks (*) denote significant treatment effects at α = 0.05. Error bars are ±1 SE. Initial RS

measurements were pooled over May 10 and May 15, 2013.
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Figure 4.5: Root biomass by treatment and depth for live fine (A), live coarse (B), and dead
(C) root categories measured in three 26-year-old longleaf pine stands. Note: Asterisks (*)
denote significant treatment effects at α = 0.05. Error bars are ±1 SE.
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Table 4.1: Location and forest structural characteristics for three 26-year-old longleaf pine
stands at Blackjack Crossing Tract, Talbot County, Georgia. Note: LLP, longleaf pine; HW,
hardwoods; DBH, diameter at breast height (1.37 m).

Variable Stand 1 Stand 2 Stand 3
Location & Size

◦ N 32◦ 34.469’ 32◦ 34.716’ 32◦ 34.706’
◦ W -84◦ 36.039’ -84◦ 31.371’ -84◦ 30.117’
Area (ha) 75.3 4.0 2.4

Basal Area (m3 ha−1)
Total 18.82 21.48 17.34
LLP 18.60 21.40 17.34
HW 0.22 0.08 0.00

Tree Density (trees ha−1)
Total 1222 1533 1922
LLP 978 1089 1567
HW 89 33 0
Dead 156 411 356

Mean DBH ± SE (cm)
LLP 14.89 ± 0.48 15.44 ± 0.35 11.50 ± 0.25
HW 4.39 ± 1.36 4.00 ± 2.70 na
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Table 4.2: Influence of the location of soil temperature and moisture measurements (i.e.
within or near RS collars) for control collars and root exclusion tubes measured in three
26-year-old longleaf pine stands.

Soil Temperature±SE (◦C) Soil Moisture±SE (%)
Location Control Root Exclusion Control Root Exclusion
Near 23.2±0.1 23.2±0.1 5.9±0.4 6.3±0.2
Within 22.8±0.3 22.9±0.2 6.3±0.3 7.8±0.3

t-value -1.30 -0.90 1.50 5.05
p-value 0.20 0.38 0.25 < 0.01
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Table 4.3: Statistical summary of the influence of treatment on mean RS measurements
by date as measured in three 26-year-old longleaf pine stands. Summaries given for the
comparison of soil respiration from control collars versus both uncorrected root exclusion
tubes and root exclusion tubes corrected for within-block, pretreatment RS variation.

Date 5/10 & 5/29 6/12 6/26 7/12 7/29 8/26
(m/dd/2013) 5/15
Uncorrected
F1,27 1.64 2.10 0.71 5.94 0.76 4.68 7.63
p-value 0.21 0.16 0.41 0.02 0.39 0.04 0.01
Corrected for within-block, pretreatment RS variation
F1,27 – 0.30 0.03 13.72 2.39 10.08 11.73
p-value – 0.59 0.85 < 0.01 0.13 < 0.01 < 0.01

115



Table 4.4: Mean estimated soil respiration (RS) and heterotrophic respiration (RH) and the
ratio of RH to RS (%) by RH estimation method including: (1) uncorrected RS measured
from root exclusion collars (Rexc); (2) Rexc corrected by the within-block, pretreatment RS

variation; (3) Rexc corrected by the loss of CO2 due to root decay (k); and (4) Rexc corrected
by the combined effects of within-block, pretreatment RS variation and k. Measurements
made in three 26-year-old longleaf pine stands

RS ± SE RH ± SE RH/RS

RH estimation method (µmol m−2 s−1) (µmol m−2 s−1) (%)
1. Uncorrected Rexc 3.27 ± 0.16 2.67 ± 0.16 81.87 ± 7.7
2. Rexc corrected for initial RS variation 3.27 ± 0.18 2.52 ± 0.18 76.92 ± 9.0
3. Rexc corrected for k 3.27 ± 0.16 2.17 ± 0.37 66.28 ± 17.7
4. Rexc corrected for initial RS variation & k 3.27 ± 0.18 2.01 ± 0.38 61.33 ± 20.0
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Table 4.5: Statistical summary of the influence of treatment on mean root biomass by type
and depth as measured in three 26-year-old longleaf pine stands. Summaries given for the
comparison of root biomass from soil beneath control collars versus soil within root exclusion
tubes.

Depth 0-15 15-30 30-45 45-60
(cm)
Live Fine Root Biomass
F1,27 7.17 2.35 0.37 3.16
p-value 0.01 0.14 0.55 0.09
Live Coarse Root Biomass
F1,27 4.82 0.64 0.31 0.01
p-value 0.04 0.43 0.58 0.92
Dead Root Biomass
F1,27 8.42 7.26 0.69 0.11
p-value < 0.01 0.01 0.42 0.74
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Chapter 5

Conclusion
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This research examined the dynamics of soil respiration (RS) in longleaf pine (Pinus

palustris Mill.) forests located centrally within their native range (Fig. ??). Specifically,

we examined the temporal and spatial variation of RS in longleaf pine forests, and the

environmental and ecological factors affecting the variation in RS, and we partitioned longleaf

pine RS into its heterotrophic and autotrophic components (RH and RA, respectively).

The first study measured RS and related environmental and ecological variables monthly

from January 2012 through January 2013 in four longleaf pine stands varying in age (5 to

87 years old) and structure at Fort Benning, Georgia (Chapter 2). On an intra-annual

basis, RS ranged from 1.2 to 5.9µmol m−2 s−1 and was controlled by seasonal fluctuations

in soil temperature, peaking in the summer of 2012. Mean annual RS was 13.3 Mg C ha−1

based upon the RS-temperature relationship. Soil moisture influenced RS by decreasing the

temperature sensitivity (Q10) of RS during drought-like soil conditions (i.e., soil moisture

at half the texture-derived wilting point), and litter mass, distance to nearest tree from RS

collar, and root biomass also affected RS albeit by a marginal degree (i.e., partial R2 values

of 0.07 to 0.15) after first isolating the RS-temperature relationship.

The second study measured the spatial variation in RS in a 64-year-old longleaf pine

stand at Fort Benning, Georgia in July and August 2012 (Chapter 3). Soil respiration ranged

from 3.9 to 5.3µmol m−2 s−1 and demonstrated varying degrees of spatial autocorrelation,

perhaps because of the homogenizing effects of soil moisture and prescribed burning on

RS. Environmental and ecological variables influenced the spatial variation in RS in complex

ways, depending on the scale (within-plot versus between-plot) and location within the stand.

For instance, the mean size of trees within 4 m of RS collar was positively related to RS in

one plot with higher mean RS and negatively related to RS in another plot with the lowest

mean RS, and forb understory cover was only significantly related to RS variation between

plots but not within individual plots.

In the third study, RH was estimated by comparing root-excluded soil to adjacent undis-

turbed soil in three 26-year-old longleaf pine stands in Talbot County, Georgia (Chapter 4).
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The proportion of RH to RS ranged from 61 to 82 % and was lowest when the initial, pre-

treatment variation in RS and CO2 loss from root decay were incorporated. Compared to the

control soil, the presence of root exclusion tubes significantly decreased fine and coarse live

root biomass and increased dead root biomass, especially in shallow soil layers (i.e., 0–15 cm

depth)

This research has improved our collective understanding of the dynamics of RS in lon-

gleaf pine forests. However, further research can be done to better quantify the overall carbon

sink strength of longleaf pine forests. In particular, based on these studies, the range of the

ratio of RH to total RS from Chapter 4 and the annual RS estimates for the four diverse

longleaf pine stands examined in Chapter 2 can be used to estimate annual RH (8.11 to

10.9 Mg ha−1 yr−1). Then, to estimate net ecosystem productivity (NEP), this value can be

compared with net primary productivity (NPP) estimates for longleaf pine forests, such as

the range of NPP from 5.2 to 13.2 Mg ha−1 yr−1 for longleaf pine forests in southwest Geor-

gia across an edaphic gradient (Hendricks et al., 2006). However, Chapter 3 demonstrated

that within a relatively small area of one longleaf pine forest, RS ranged widely, and this

spatial variation of RS increases the uncertainty of annual RS measurements. We conclude

that future work should focus on three specific areas: (1) quantification and incorporation of

the spatial variation of RS into annual RS estimates; (2) studies that couple annual RS and

NPP measurements across the native range of longleaf pine; and (3) use of root exclusion

tubes staggered over time to capture the proportion of RH to RS on an annual basis and in

response to disturbances.
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Appendix A

LI-COR CO2 efflux measurement equations
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A.1 Overview of soil respiration measurements with LI-COR 6400

The following equations are derived from the LI-COR LI-6400-09 Soil Chamber manual

and the Application Note #124 (LI-COR, Inc., 1997, 1998). In summary, the ideal gas law

states that CO2 efflux (fc) will be dependent upon molar air density (ρ), chamber volume

(V ), soil area (s), the slope or rate that CO2 increases over time (∂c/∂t), and the dilution

factor from water vapor, as in this equation:

fc =
ρV

s

(
∂c

∂t
+

c

1 − w

∂w

∂t

)
(A.1)

where w is the molar concentration of water.

A.2 Derivation of Eq. (A.1)

The ideal gas law:

sfc =
PV

nRT

(
∂c

∂t

)
, or equivalently:

sfc = ρV

(
∂c

∂t

)

is used to measure soil CO2 efflux, fc. However, there is also some loss of air containing c

concentration of CO2 at a flow rate of u:

sfc = ρV

(
∂c

∂t

)
+ uc (A.2)
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The loss of air through u is assumed to be from the evaporative loss of water vapor with

w concentration of water, such that:

sfw = u and

sfw = ρV

(
∂w

∂t

)
+ uw, thus

sfw = ρV

(
∂w

∂t

)
+ sfww, or solved for sfw :

sfw =
ρV

1 − w

(
∂w

∂t

)
, thus

u =
ρV

1 − w

(
∂w

∂t

)

Now, substituting this in for u in Eq. (A.2):

sfc = ρV

(
∂c

∂t

)
+

ρV

1 − w

(
∂w

∂t

)
c

sfc = ρV

(
∂c

∂t

)
+

ρV c

1 − w

(
∂w

∂t

)
sfc = ρV

(
∂c

∂t
+

c

1 − w

∂w

∂t

)
, and solved for fc :

fc =
ρV

s

(
∂c

∂t
+

c

1 − w

∂w

∂t

)
, which is Eq. A.1.
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Appendix B

Semivariogram analysis equations and script
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B.1 Description of semivariogram analysis

The gstat procedure fit.variogram was used to fit the semivariogram with nugget, linear,

and exponential models. The nugget model:

γ = n (B.1)

represents no spatial autocorrelation; that is, the nugget n, which is the amount of semivari-

ance that cannot be explained by spatial autocorrelation, represents the total semivariance

and no additional semivariance is explained by spatial relationships between measurements.

The linear model:

γ = n+ β1(h) (B.2)

demonstrates that while some semivariance is not spatially related (n), the semivariance

that is explained by spatial autocorrelation does not saturate within a lag distance of 30 m.

Finally, the exponential model:

γ = n+ s(1 − e−3h/r) (B.3)

describes the amount of semivariance unexplained by spatial autocorrelation (n) as well as

the range (r) and covariance level (sill, n+ s) at which spatial autocorrelation of covariance

is saturated. Past r, spatial autocorrelation between measurements ceases to increase. The

nugget model represents spatial independence of the RS sampling subplots; the linear model

represents strong spatial autocorrelation that continues beyond the plot boundary; and the

exponential model represents spatial autocorrelation within the bounds of the plot. The

fitted model for each semivariogram was chosen by minimizing the residual error sum of

squares (SSE). In the condition that the r > 30 m in a fitted exponential semivariogram

model, linear was chosen because r > 30 m represents autocorrelation past the boundaries

of the plots (effectively a linear semivariogram model).
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B.2 R script for semivariogram analysis

rm(list=ls())

library(maptools)

library(gstat)

# import data

sp1 = readShapePoints(’C:/Users/aaa0013/Documents/

ArcGIS/dissertation/spatial_study/R/process20141002/sp1n25’)

names(sp1)

# make vectors matching the variables wanted to analyze

vars = c(9, 12, 14, 19:36, 38:43, 48:64)

varsName <- names(sp1)

varsName <- varsName[vars]

varnamesall <- names(sp1)

### NUGGET MODELS ###

#initialize psill and err vectors

nuggetPsill <- c(1:length(vars))

nuggetErr <- c(1:length(vars))

# calculate and fit variogram

print("Nugget Models")

for(i in vars){

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

v.nug <- fit.variogram(vario, model=vgm(model="Nug"))

v.nugErr <- attr(v.nug, "SSErr")

#print(varnamesall[[i]])

#print(v.nug)
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#print(v.nugErr)

nuggetPsill[[i]] <- c(v.nug$psill)

nuggetErr[[i]] <- c(v.nugErr)

}

# output only for variables tested

print("Nugget model results")

nuggetPsill <- nuggetPsill[vars]

nuggetPsill

print("Nugget model SSErr")

nuggetErr <- nuggetErr[vars]

nuggetErr

### LINEAR MODEL NO INTERCEPT ###

#initialize psill and err vectors

lin0Psill <- c(1:length(vars))

lin0Err <- c(1:length(vars))

# calculate and fit variogram

print("Linear no Int Models")

for(i in vars){

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

v.lin0 <- fit.variogram(vario, model=vgm(model="Lin"))

v.lin0Err <- attr(v.lin0, "SSErr")

#print(varnamesall[[i]])

#print(v.lin0)

#print(v.lin0Err)

lin0Psill[[i]] <- c(v.lin0$psill)

lin0Err[[i]] <- c(v.lin0Err)

}

print("Linear noInt Slope as Psill")
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lin0Psill <- lin0Psill[vars]

lin0Psill

print("Linear noInt SSErr")

lin0Err <- lin0Err[vars]

lin0Err

### LINEAR MODEL WITH INTERCEPT ###

#initialize data frame with 2 rows

linResults <- data.frame(one=c("nugget","slope"))

linResults

linErr <- c(1:length(vars))

# calculate and fit variogram

print("Linear w Int Models")

for(i in vars){

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

v.lin <- fit.variogram(vario, model=vgm(model="Lin", nugget=1))

v.linErr <- attr(v.lin, "SSErr")

#print(varnamesall[[i]])

#print(v.lin)

#print(v.linErr)

linResults <- cbind(linResults,c(v.lin$psill))

linErr[[i]] <- c(v.linErr)

}

# print results

print("Linear Nugget, Slope")

linResults

print("Linear SSErr")

linErr <- linErr[vars]

linErr
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### SPHERICAL MODEL ###

# initialize output dataframes

sphResults <- data.frame(one=c("nugget","sill","null","range"))

sphResults2 <- data.frame(one=c("sill","range"))

sphErr <- c(1:length(vars))

# calculate and fit variograms

print("Spherical Models")

for(i in vars){

#print(varnamesall[[i]])

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

v.sph <- fit.variogram(vario, model=vgm(model="Sph", range=100,

nugget=1))

v.sphSing <- attr(v.sph, "singular")

if(v.sphSing == "FALSE") {

#print("Intercept")

v.sphErr <- attr(v.sph, "SSErr")

#print(v.sph)

#print(v.sphErr)

sphResults <- cbind(sphResults,i,c(v.sph$psill,v.sph$range))

sphErr[[i]] <- c(v.sphErr)

}

if(v.sphSing == "TRUE") {

v.sph2 <- fit.variogram(vario, model=vgm(model="Sph",

range=100))

v.sphErr2 <- attr(v.sph2, "SSErr")

#print("No intercept")

#print(v.sph2)

#print(v.sphErr2)
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sphResults2 <- cbind(sphResults2,i,c(v.sph2$psill,v.sph2$range))

sphErr[[i]] <- c(v.sphErr2)

}

}

#two outputs of results this time, based on singular or not

print("Spherical results")

print("Nugget,sill, range")

sphResults

print("No nugget")

sphResults2

print("Spherical SSErr")

sphErr <- sphErr[vars]

sphErr

### EXPONENTIAL MODELS ###

# initialize output dataframes

expResults <- data.frame(one=c("nugget","sill","null","range"))

expResults2 <- data.frame(one=c("sill","range"))

expErr <- c(1:length(vars))

# calculate and fit variograms

print("Exponential Models")

for(i in vars){

#print(varnamesall[[i]])

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

v.exp <- fit.variogram(vario, model=vgm(model="Exp",

range=100, nugget=1))

v.expSing <- attr(v.exp, "singular")

if(v.expSing == "FALSE") {

#print("Intercept")
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v.expErr <- attr(v.exp, "SSErr")

#print(v.exp)

#print(v.expErr)

expResults <- cbind(expResults,i,c(v.exp$psill,v.exp$range))

expErr[[i]] <- c(v.expErr)

}

if(v.expSing == "TRUE") {

v.exp2 <- fit.variogram(vario, model=vgm(model="Exp",

range=100))

v.expErr2 <- attr(v.exp2, "SSErr")

#print("No intercept")

#print(v.exp2)

#print(v.expErr2)

expResults2 <- cbind(expResults2,i,c(v.exp2$psill,v.exp2$range))

expErr[[i]] <- c(v.expErr2)

}

}

#two outputs of results this time, based on singular or not

print("Exponential results")

print("Nugget,sill, range")

expResults

print("No nugget")

expResults2

print("Exponential SSErr")

expErr <- expErr[vars]

expErr

### SSTot ###

# calculated for each variable
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sstot <- c(1:length(vars))

for(i in vars){

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

weight <- vario$np/vario$dist^2

total <- sum(weight*vario$gamma)/sum(weight)

sstot[[i]] <- c(total)

}

sstot <- sstot[vars]

sstot

### Variogram Output###

# for graphing purposes

varioFull <- data.frame(iter=c(1:12))

for(i in vars){

vario <- variogram(sp1[[i]]~1,sp1, cutoff=30)

varioFull <- cbind(varioFull,i,c(vario$gamma))

}

varioFull <- cbind(varioFull,c(vario$np),c(vario$dist))

varioFull

### export to Excel ###

# unless you want to make new CSV, use for every output you want

writeClipboard(as.character(nuggetErr))

writeClipboard(as.character(varioFull))
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