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Abstract

Longleaf pine (Pinus palustris) forests can serve as disturbance-resistant, long-term carbon
sinks, but net ecosystem productivity of longleaf pine forests has been shown to be sensitive to
drought. Soil respiration (Rs) is often the largest component of ecosystem respiration and can be
sensitive to drought. The primary objective of this study is to explore the influence of drought,
imposed by a 40% reduction in throughfall (TRa4o), relative to ambient throughfall treatment
(TRo) on soil respiration (Rs), heterotrophic respiration (Rh) and fine root biomass. The study
was conducted in a longleaf pine plantation located in the Chattahoochee Fall Line Region in
Georgia. During a naturally occurring severe drought in 2016, soil moisture and Rs declined to
near zero in both treatments, and TR treatment had no effect on Rs, soil moisture, or soil
temperature. In 2017, TR4o reduced Rs from 13.8% to 21.6% on six of the 12 measurement
dates. Annual Rs ranged from 9.96 Mg C ha yr in the TRy treatment to 8.70 Mg C ha* yr in
the TR0 treatment, and Q10 was reduced from 1.92 to 1.67 by TR4o. Soil temperature and soil
moisture explained the majority of the variation in Rs in 2016 (68% in TRo and 68% in TR4o)
and 2017 (54% in TRo and 42% in TR4o). Surrounding tree basal area and distance to nearest
tree each accounted for up to 6% of the variation in Rs. Throughfall reduction treatment did not
significantly reduce fine root biomass or shift the spatial distribution of fine root biomass in
response to TR trays. Heterotrophic respiration accounted for the majority of soil respiration
(72.4-89.4%). Throughfall reduction altered the contribution of Rh to Rs in August 2017,

suggesting that autotrophic respiration (Ra) was decreased. Results suggest that Ra may be more



sensitive to moderate drought in longleaf pine forests but both Ra and Rh are sensitive to soil

moisture below the wilting point.
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CHAPTER 1 - BACKGROUND

Longleaf pine (Pinus palustris Mill.) historically dominated an estimated 37 million hectares
ranging from Virginia to Florida and as far west as Texas (Oswalt et al. 2012). Longleaf pine
ecosystems were negatively affected by centuries of unregulated harvest, fire suppression,
turpentine harvest, and more recently the conversion to loblolly (Pinus taeda L.) and slash pine
(Pinus elliottii Engelm.) plantations (Oswalt et al. 2012). As a consequence, only approximately
1.2 million hectares of longleaf pine forest remain today (Frost 2006). Longleaf pine ecosystems
offer many benefits including insect and disease resistance, endangered species habitat, and less
susceptibility to wind damage (Johnsen et al. 2009). Prescribed fire is an important management
tool in these forests to reduce competition from other woody species, promote understory plant
biodiversity, and provide exposed mineral soil for natural forest regeneration (Mitchell 2006).
Longleaf pine ecosystems can be an important tool for mitigating climate change because of their
role in long-term carbon sequestration. However, drought stress and rising temperatures can
cause changes in the ability of an ecosystem to sequester carbon and thus mitigate the effects of

climate change.

Projected climate changes include more extreme precipitation events, increased temperatures,
and longer periods of drought stress between precipitation events (Borken et al. 2006; IPCC
2013; Wang et al. 2014). Elevated temperatures will likely lead to increased vapor pressure
deficits and soil water deficits in southern pine forests (Farjat et al. 2016). Increased

temperatures can increase root and soil microbial function as well as decrease C use efficiency



(Liet al. 2016). Drought can affect trees aboveground and reduce carbon sequestration. For
example, Maggard et al. (2016) concluded that drought stress can cause reduce photosynthesis
and respiration at the leaf level via stomatal closure to conserve water. Belowground, drought
stress can lead reduced mobility of soil microbes and reduced diffusion of available nutrients
(Susella et al. 2012; Schlesinger et al. 2016). Drought stress can also affect fine root growth as
Farrish et al. (1991) observed decreased fine root biomass in areas decreased water availability.
Reduced fine root biomass can lead to decreased drought resilience as longleaf pine typically use
well-developed root systems to help mitigate the harsh conditions during periods of drought

stress.

Drought stress in forested ecosystems is likely to influence global carbon exchange through
reduced ecosystem respiration (Knorr et al. 2007; Kopittke et al. 2014). Soil respiration (Rs) is
the second largest flux of carbon in the global carbon cycle therefore any small change in Rs
could impact the global carbon cycle (Raich and Schlesinger 1992). Anthropocentric sourced
greenhouse gas emissions and increased frequency and intensity of seasonal droughts may limit
forest growth and the ability of forests to mitigate climate change. Longleaf pine forests have
shown potential to help mitigate the effects of greenhouse gases through carbon sequestration
(Heath et al. 2011; Samuelson et al. 2014). Longleaf pine aboveground productivity has been
shown to decease with water stress (Runion et al. 1997; Jose et al. 2003), and Ford et al. (2012)
concluded that longleaf pine belowground production is more dependent on water availability
than temperature or nutrient availability. The response of Rs to drought stress in longleaf pine
forests is not well understood and is important to quantify to better predict the impact of

changing climate on forest carbon fluxes.



The primary objective of this study is to better understand the effects of experimental drought
on Rs and its components in longleaf pine forests. Future climate change scenarios include
increased temperatures, more extreme precipitation events, and longer periods of drought stress
between precipitation events (Borken et al. 2006; Wang et al. 2014). Drought stress can impact
trees aboveground (Maggard et al. 2016) and causes decreases in available substrate to microbes
belowground (Suseela et al. 2012; Schlesinger et al. 2016). Drought can also affect fine root
growth. For example, Sword Sayer and Haygood (2006) observed a decrease in fine root
elongation in longleaf pine during a naturally occurring three-year drought. Specific objectives

are to:

1. Determine the responses of Rs and Rh in a longleaf pine plantation to experimentally
induced drought stress imposed by 40% reduction of throughfall.

2. Examine the relationships between Rs and soil temperature, soil moisture,
surrounding tree basal area, and distance to nearest tree.

3. Determine if the reduction in soil moisture underneath throughfall reduction trays

influences the spatial distribution of Rs and fine root biomass.



CHAPTER 2 - THE EFFECTS OF 40% THROUGHFALL REDUCTION ON SOIL

RESPIRATION IN A LONGLEAF PINE PLANTATION
2.1 - Introduction

The terrestrial biosphere is one of the largest carbon (C) reservoirs in the global C cycle
(Schimel 1995). Managed U.S. forests sequester approximately 15% of atmospheric CO»
emissions from fossil fuels (Woodall 2015). Projected atmospheric C increases range from4 - 5
Pg C yr! due solely to fossil fuel emissions (Lal 2010; IPCC 2013). Soils are the largest C pool
in the global C cycle (Schlesinger 1977), and soil respiration (Rs) is the second largest flux of C
in the terrestrial biome (Raich and Schlesinger 1992). Therefore, changes in Rs can impact the
global C cycle. Soil respiration is the largest C flux in the terrestrial biome (100 Pg C yr ™)
(Bond-Lamberty and Thomson 2010) and is comprised largely of two major types of fluxes:
autotrophic respiration (Ra) and heterotrophic respiration (Rh). Heterotrophic respiration
represents CO> produced by respiring macro and micro soil fauna that typically decompose dead
organic matter in soil and Ra is composed of root tissue respiration and autotrophic bacterial
communities in soil (Schlesinger 1977; Raich and Schlesinger 1992; Schlesinger and Andrews
2000; Lovett et al. 2006). Mycorrhizal respiration is combined with Ra due to the difficulty of
partitioning mycorrhizal respiration from Ra (Bond-Lamberty et al. 2004; Subke et al. 2006).
Increased attention has been placed on managing soils for C storage and more specifically on
forest management to help mitigate greenhouse gas emissions through C sequestration in live

biomass and soil organic matter (IPCC 2013). Future climate change scenarios include increased



temperatures, more extreme precipitation events, and longer periods of drought stress between
precipitation events (Borken et al. 2006; Wang et al. 2014¢). The Fifth Assessment Report from
the Intergovernmental Panel on Climate Change (IPCC) projects that the southeastern United
States will experience a temperature increase of 1.5-3 °C by the end of the century (IPCC 2013).
Kunkel et al. (2013) added that in the southeastern United States there has been an increase in the
frequency of extremely high temperatures that are often followed by long periods of drought
stress. These projected changes in climate could significantly impact the ability of southeastern
forests to sequester C (Brantley et al. 2018), primarily due to the high rates of photosynthesis in
southeastern forest tree species (Novick et al. 2015). Future climate conditions could dampen
the ability of southern forests to store carbon to help mitigate climate change.

A positive exponential relationship exists between soil temperature and Rs (Fang and
Moncrieff 2001; Dilustro et al. 2005; Wang et al. 2014c). This relationship is expressed as the
Arrhenius equation or the Q1o function, which demonstrates that for every 10°C increase in soil
temperature, Rs will approximately double (Q10=2). As temperature increases, the metabolic
reaction rates of plants and soil fauna increase, thereby increasing plant and microbial respiration
(Lloyd and Taylor 1994; Pang et al. 2013). Increasing temperatures can affect Rs and more
specifically Rh, by shifting microbial community structure, microbial metabolic rates, and soil
microbial biomass, but the effect of drought stress on Rs and its components may vary with the
ecosystem (Wang et al. 2014a, Wang et al. 2014c). For example, drought stress suppressed Rs in
mesic and xeric ecosystems (Wang et al. 2014a) but stimulated Rs in hydric ecosystems
(Sowerby et al. 2008).

Longleaf pine (Pinus palustris Mill.) once spanned 37 million acres throughout its native

range but now, longleaf pine occupies less than 5% of its native range which spanned from North



Carolina to Texas and as far south as Florida. Longleaf pine ecosystems offer many benefits
including insect and disease resistance, endangered species habitat, and less susceptibility to
wind damage (Johnsen et al. 2009). Prescribed fire with frequent return intervals is an important
management tool to promote understory plant biodiversity, reduce competition from other woody
species, and provide exposed mineral soil for natural forest regeneration (Mitchell 2006).
Longleaf pine is typically a slower growing species than the more productive loblolly pine
(Pinus taeda L.) and slash pine (Pinus elliottii Engelm.) species in the southeastern United
States, but longer rotations provide more C sequestration opportunities (Samuelson et al. 2014).
Longleaf pine has drawn recent interest due to its possible drought tolerance when compared to
other southern pines. For example, Samuelson et al. (2012) found that longleaf pine may possess
more efficient hydraulic architecture, when compared to loblolly and slash pine to better
withstand lower soil water potentials, which could lead to increased drought tolerance. Longleaf
pine has shown the ability to physiologically adapt to xeric soil conditions (Addition et al. 2005;
Wright et al. 2013; Whelan et al. 2015).

Throughfall reduction (TR) is a method that has been used to reduce, or in some cases
eliminate, throughfall from reaching the soil environment to induce drought-like conditions in
various forest types (Talmon et al. 2011; Kopittke et al. 2014; Heim et al. 2015; Will et al. 2015).
The effect of experimental drought imposed by TR has shown to decrease Rs in a variety of
ecosystems (Schindlbacher et al. 2012; Borken et al. 2006, Koptitike et al. 2014). Archmiller
and Samuelson (2016a) observed a decrease in Rs during a naturally occurring drought in a
longleaf pine forest, but this study allows the investigation of Rs in response to experimentally

imposed drought relative to ambient conditions.



Many variables other than soil temperature and soil moisture have been shown to influence
Rs rates in forest ecosystems. Other variables include: surrounding tree basal area (ArchMiller
and Samuelson 2016a; McElligott et al. 2016; Luan et al. 2012; Samuelson and Whitaker 2012),
distance from nearest trees (Clinton et al. 2011; ArchMiller and Samuelson 2016a), root biomass
(Wang et al. 2017), soil texture (Dilustro et al. 2005), soil bulk density (Vincent et al. 2006; Luan
et al. 2012; ArchMiller and Samuelson 2016a), and soil nitrogen content (Zhou et al. 2014). In
this study the relationship between Rs, soil temperature, soil moisture, surrounding basal area,
and distance from nearest trees will be explored. Because drought stress may impact fine root
biomass and Ra (Wang et al. 2014b) the influence of TR on the spatial distribution fine roots and
Rs was also examined.

The primary objective of this study was to better understand the effects of experimental
drought imposed by 40% TR in longleaf pine forests. | hypothesized that: (1) throughfall
reduction treatment will decease Rs and Rh; (2) Rs will be negatively correlated to distance from
nearest tree and positively correlated to soil moisture, soil temperature, and surrounding basal
area; and (3) due to decreased soil moisture availability imposed by throughfall reduction trays,

fine root distribution will shift to areas of increased water availability.



2.2 - Methods
2.2.1 Site Description

The study site is located within the Chattahoochee Fall Line Wildlife Management Area in
Marion County, GA (N 32°33.19', W 84°28.61) and owned by the Georgia Department of
Natural Resources. Thirty year average (1985-2015) annual precipitation is 1226 mm in
Americus, GA (approximately 60 km from site), and mean annual minimum and maximum air
temperatures are 11.5°C and 24.6°C, respectfully, (http://www.ncdc.noaa.gov/cdo-web). The
Palmer Drought Severity Index (PDSI) during 2016 and 2017 was collected for Climate Division
4 in the state of Georgia (https://www.ncdc.noaa.gov/cag/time-series/us/9/4/pdsi/all/10/2016-
2016, accessed January 2016). The site is located in the Sand Hills Ecoregion, which is
characterized by deep, excessively drained, and nutrient poor Entisol sands (Griffith et al. 2001).
The entire study site is comprised of Lakeland Series soils (2 to 5% slopes) which are Thermic,
coated Typic Quartzipsamments (Soil Survey Staff 2016). The site was planted with longleaf
pine seedlings in 2005 at an approximate spacing of 2.6 m x 2.6 m, resulting in an initial planting

density of approximately 1479 trees ha™.
2.2.2 Experimental Design

The experimental design is a randomized complete block design with two levels of TF
treatment, a 40% reduction and an ambient treatment, replicated in three blocks. The throughfall
reduction amount was selected because a 40% reduction in average annual precipitation
represents the 1% percentile of annual precipitation of Americus, GA observed over a hundred-
year period and thus represents very low annual precipitation in a typical year for this site. Each

treatment plot is 31 m x 21 m (0.0651 ha) with an interior intensive measurement plot 11 m x 21



m (0.0231 ha) in size. Blocking was based on pre-treatment basal area. A minimum 17 m buffer
surrounds all plots. The treatment plots contained an average of 72 trees and measurement plots

contained an average of 24 trees.

To induce drought and limit above TF by approximately 40%, two TF exclusion trays
spanning a total of 1.54 m were installed between rows. The trays were an average height of 1.0
m and separated by a 50 cm gap to minimize soil moisture banding. Each tray spanned a total
length of 31 m in each treatment plot. The frames of TF exclusion trays were constructed from
pressure treated lumber and steel studded T-Posts. Trays were covered with a bi-layer clear Poly
Scrim 12 plastic of U.V. stabilized polyethylene with high strength cord (Americover Inc.,
Escondido, CA, USA.) Intercepted TF was transported off the plot a minimum of twenty meters
away from plots through a series of solid corrugated plastic tubes. Installation was completed on

May 12, 2016.

2.2.3 Climate, Soil Moisture and Soil Temperature

A weather station was installed approximately 0.55 km from the site in an open field (Vantage
Pro2 Plus, Davis Instruments, Hayward, California, USA) to measure precipitation and air
temperature. Air temperature and precipitation was measured every minute and the averaged was
recorded every thirty minutes on a datalogger (HOBO Micro Station Data Logger, Onset

Computer Corp, Bourne, MA, USA).

Soil moisture was continuously measured with soil moisture sensors (10HS, Decagon
Devices, Inc., Pullman, WA, USA) at 5 cm, 15 cm, and 50 cm depths in all plots. Sensors were
buried in the middle of a row in the center of the measurement plot. In one block, soil moisture at

a 100 cm depth was also measured. Soil moisture was measured every minute and the average



was recorded every thirty minutes. Soil temperature was monitored in all plots using
thermocouples (TMC20-HD Soil temperature sensor, Onset Computer Corp., Bourne, MA,
USA). The thermocouples were buried at a 10 cm depth in all plots in the middle of a row
located in the center of the measurement plot. Soil temperature was measured every minute and
the average was recorded every thirty minutes. Soil moisture and soil temperature data were
stored on data loggers (HOBO Micro Station Data Logger, Onset Computer Corp, Bourne, MA,

USA). Sensors were installed in June 2016.
2.2.4 Initial Soil Testing

Before installing TF exclusion trays, spatial variation in fine (< 2 mm) root biomass, soil
texture and soil micronutrients was measured in April 2016. Eight 1 m? grid spaces within the
231 m? available grid spaces of each measurement plot were randomly selected. Within the
selected grids, soil samples were collected with a 10 cm diameter auger at 0.0-0.1 m, 0.1-0.2 m,
0.2-0.5 mand 0.5-1.0 m depths. The selected grids were at least 60 cm from the base of a tree.
For the three shallowest depths, the entire soil sample was collected for soil and root
measurements. Soil from the deepest depth was well mixed in a bucket and a 3 L subsample was
collected for soil analyses. All samples were kept on ice during transport to Auburn University

for processing.

Roots from the soil samples to a 0.5 m depth were washed, sieved (through a 2 mm sieve),
and then sorted into four size categories (very fine, fine, coarse, and very coarse) based on root
diameter (<1mm, >1mm to <2mm, >2 to <Smm, and >5mm, respectively) and live and dead

categories. Roots were oven-dried at 70°C and weighed.

10



Soil bulk density was measured at two random sampling grids per plot using a 5.72 cm
diameter core (Soil Moisture Equipment Corp., Goleta, CA, USA) at 0.0-0.1 m, 0.1-0.2 m, 0.3-
0.4 mand 0.6-0.7 m depths. Roots and rocks were removed, and soil was dried at 105°C for 96
hours. Bulk density was calculated as the ratio of mass of dry soil to fresh volume (g cm) (Law

et al. 2008) (Table 2.2.1).

Each air-dried soil subsample (approximately 0.5 L) was sent to USFS-NC (United States
Forest Service Southern Research Station, Research Triangle Park, NC, USA) for measurement
of soil carbon (C) and nitrogen (N) concentrations and soil texture. Total soil C and N
concentrations were determined by dry combustion with detection by thermal conductivity
(Flash EA 1112 series CN analyzer, Thermo-Finnigan Instruments, Milan, Italy). We randomly
selected soil samples from four locations in each plot at all depths for measurements of pH and
cation exchange capacity (CEC) and concentrations of phosphorus (P), potassium (K),

magnesium (Mg), and calcium (Ca) by AU Soil Testing Laboratory (Tables 2.2.1 and 2.2.2).
2.2.5 Soil Respiration

Soil respiration, soil moisture, and soil temperature were measured approximately every 3
weeks over 16 months (from July 2016 to December 2018) (Table 2.2.3). Because of low efflux
rates in 2016, measurements sometimes required two days to complete. Measurements were
conducted by block between 900-1300 hours during a sampling day to minimize diurnal
variation. The measurement order of blocks and plots within blocks was randomly selected. Ten
1 m? grid spaces within the 231 m? possible grid spaces in each measurement plot were randomly
selected for each measurement period. All 1 m? grid spaces had equal opportunity of being

selected at each sampling period, i.e., all grid spaces were available to be sampled again.

11



Soil respiration was measured with a portable infrared gas analyzer (LICOR 6400, LiCor,
Inc., Lincoln, NE, USA) attached to a Rs chamber (LICOR 6200-09 Soil CO2 Flux Chamber).
Temporary polyvinyl chloride (PVC) soil collars 10 cm in diameter were inserted 2 cm into
mineral soil without removing leaf litter. It’s important to mention that approximately 42% of all
Rs collars in TF reduction plots landed directly under the TF reduction tray (Table 2.2.4). The
soil collar along with the Rs chamber’s Styrofoam gasket provided an air tight seal. Collars were
inserted at least 24 hours before measurements to limit CO; pulse. Live vegetation in the collar
was clipped at time of collar insertion to minimize plant tissue respiration within the soil
chamber at time of measurement. Ambient CO2 concentration (ppm) was measured at each plot
by placing the chamber on the ground near the first collar and was used as ambient CO> across
the plot. Soil temperature was measured to a 15 cm depth concurrently within 10 cm of each
collar. Soil moisture was measured to 20 cm depth within 10 cm of the collar directly after Rs
measurement using a soil moisture probe (Hydrosense Il, Campbell Scientific, Inc., Logan, UT,
USA). Distance to nearest tree from the collar, location of sampling point in relation to trays (in
open space, directly under TF tray, or in gap between trays), and total tree basal areaina7 x 7 m

area around each 1 m?plot was recorded.
2.2.6 Effect of Throughfall Reduction Trays on Fine Root Biomass

To determine if trays reduced fine root biomass underneath the trays and if Rs was similarly
reduced, Rs and fine root biomass were sampled in June 2017 approximately one year after
treatment initiation. Sword Sayer et al. (2005) found that longleaf pine fine root length and
biomass peaks in June, July, and December at xeric sites. Five trees and two cardinal directions
were randomly selected in measurement plots. The east and west direction represented between

row positions and north and south within row locations. A temporary Rs collar was installed 60-

12



80 cm from the tree within the row and between the row. Thus, the between row position fell
under a tray in the TF40 treatment. Soil respiration was measured at least 24 hours after collar

insertion and immediately prior to soil core removal.

Root biomass was determined to a 30 cm depth below the Rs collar by removing a soil core
using a 10 cm diameter auger. Soil samples were stored in plastic bags and kept on ice during
transport to Auburn University for processing. Roots were separated from soil and washed and
sorted into four size categories (very fine, fine, coarse, and very coarse) based on root diameter
(<Imm, >Imm to <2mm, >2 to <5mm, and >5mm, respectively) and live and dead based on

resiliency. Roots were oven dried at 70°C and weighed.

2.2.7 Partitioning Autotrophic and Heterotrophic Respiration

Heterotrophic respiration (Rh) was measured using root exclusion tubes (10 cm diameter,
30 cm length) as described by McElligott et al. (2016). Four trees were randomly selected in the
outside rows of each measurement plot. The four selected trees received one exclusion tube each
for each sampling period. One cardinal direction was randomly selected for each tree (east or
west represented between row locations, and north or south represented within row locations).
One exclusion tube was inserted 60-80 cm from the base of the tree in the selected cardinal
direction. Litter was removed, and exclusion tubes were gently pressed into the soil until top of
the tube was flush with the surface of the mineral soil. Litter was replaced in original location
and any live vegetation was clipped. Tubes remained in soil for approximately 90 days to allow
adequate time for root death and to exclude root respiration (McElligott et al. 2016). Soil
respiration was measured at 90 days over the tube and over soil at two locations approximately

40 cm from the tube.
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Litter covering the tubes and nearby measurement areas was removed 24 hours prior to Rs
measurements. Three total Rs measurements were taken: two Rs measurements adjacent
(approximately 40 cm) to the exclusion tube and one Rs measurement directly over the exclusion
tube (Rh). All Rs measurements were made using a portable infrared gas analyzer (LICOR
6400, LiCor, Inc., Lincoln, NE, USA) attached to a soil respiration chamber (LICOR 6200-09
Soil CO2 Flux Chamber). Soil temperature was integrated along the soil temperature probe to 20
cm depth and was measured concurrently within 10 cm of each adjacent Rs measurement and
directly inside the exclusion tube. Soil moisture was integrated along the soil moisture probe to
a 20 cm depth and was measured directly over each measurement area following all
measurements using a soil moisture probe (Hydrosense Il, Campbell Scientific, Inc., Logan, UT,
USA). Each of the two adjacent Rs, soil moisture and soil temperature measurements were
averaged. After all measurements were completed, exclusion tubes were removed and reinserted
three additional times. Thus, Rh was measured on February 3, 2017, May 5, 2017, August 15,

2017, and November 14, 2017.

2.2.8 Growth

Annual inventories were conducted to monitor treatment effects on aboveground growth. We
measured diameter at breast height (DBH) to the nearest 0.1 cm. Total and live crown heights
were measured with a laser hypsometer (TruePulse 200, Laser Technology, Inc. Centennial,

Colorado, USA) to the nearest 0.1 m.

2.2.9 Data Analyses

Data were averaged by plot, date of measurement and location where appropriate for

repeatedly measured variables. Due to a severe naturally occurring drought in fall 2016, we
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separated data analyses by year (2016, 2017.) Main and interactive effects of treatment and date
(month for Rh) on repeatedly measured variables were tested using PROC MIXED (SAS
Institute Inc., Cary, NC, USA) with block included as a random effect. If an interaction was
significant, then the SLICE option of PROC MIXED was used to separate means. The most
appropriate covariance structure was chosen based on the lowest Akaike information criterion.
The autoregressive structure (AR (1)) was chosen for all repeated measures except for soil
moisture inside the tube in which the unstructured (UN) was the most appropriate covariance
structure. Treatment effects on variables not measured repeatedly over time were tested using
PROC GLM (SAS Institute Inc., Cary, NC, USA). Both main and interactive effects were

considered significant at a=0.05.

Relationships between Rs and soil moisture, soil temperature, distance to nearest tree, and
surrounding basal area were tested using stepwise regression analysis (PROC GLM, SAS
Institute Inc., Cary, NC, USA). Variables were considered in stepwise selection models at
0=0.15. Relationship between Rs and soil moisture in 2016 was testing using regression analysis
(PROC REG, SAS Institute Inc., Cary, NC, USA) along with dummy variable analysis to test for
treatment differences via slope coefficients (Draper and Smith 1981.) The temperature
sensitivity (Q10) of Rs was calculated as Q1o = €'®. The relationship between Rs and soil

temperature (Tsoil) on Rs in 2017 for each treatment was tested using the model:
Rs=a*e (bTsoil)

The model was fit by plot, and treatment effects on coefficients were tested using ANOVA

(PROC GLM, SAS Institute Inc., Cary, NC, USA.)
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To estimate annual CO. efflux, the model described above fitted to each plot was used to
predict Rs for each plot from January-November 2017. Annual soil respiration was predicted for
each plot using continuously monitored soil temperature in each plot recorded at 30 minutes
intervals. Soil respiration was predicted for each thirty-minute interval and then summed by year
(Samuelson and Whitaker 2012). Treatment effects on monthly mean, maximum and minimum
soil temperature were tested using PROC MIXED (SAS Institute Inc., Cary, NC, USA) with

block included as a random variable.
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Table 2.2.1. Pre-treatment soil texture and soil properties by depth measured May 12, 2016 in an
11-year-old longleaf pine plantation.

Bulk
Sand Silt Clay pH CEC Density
(%) (%) (%) (cmol. Kg*) (g cm™)
Depth
(m)

0.0-0.1 923(0.4) 46(0.2) 3.2(03) 582(0.15 2.82(0.17)  1.35(0.03)

0.1-0.2 92.0(0.3) 4.3(0.2) 38(0.3) 567(0.14) 212(0.14) 1.43(0.01)

0.2-0.5 90.8(0.2) 43(0.2) 49(0.1) 563(0.11) 1.64(0.04) 1.55(0.04)

0.5-1 90.8(0.3) 42(0.3) 50(0.2) 5.19(0.08) 0.96(0.03)  1.53(0.03)
Note: Values are means + standard errors (SEs). Soil properties include pH; CEC, Cation exchange
capacity; and soil bulk density.
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Table 2.2.2. Pre-treatment soil macronutrients by depth measured May 12, 2016 in an 11-year-
old longleaf pine plantation.

C N P K Mg Ca

(Mg ha'l) (Mg ha) (Mg ha) (Mg ha) (Mg ha) (Mg ha'l)

Depth
(m)
0.0-0.1  11.61(1.97) 0.60(0.07) 0.37(0.04) 0.12 (0.02) 0.44 (0.06) 2.19(0.31)

0.1-0.2  816(0.51)  0.44(0.04) 0.38(0.07) 0.09 (0.02) 0.32(0.04)  1.47(0.23)
0.2-0.5  17.53(3.15) 0.91(0.12)  0.16 (0.04) 0.063 (0.008)  0.27 (0.03)  0.83(0.08)
0.5-1 9.35(0.91)  0.98(0.18) 0.066 (0.005) 0.065(0.005) 0.13(0.01) 0.29 (0.03)
Notes: Values are means + standard errors (SEs). C, soil carbon concentration; N, soil nitrogen
concentration; P, soil phosphorus concentration; K, soil potassium concentration; Mg, soil
magnesium concentration; and Ca, soil calcium concentration.
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Table 2.2.3. Measurement dates for soil respiration (Rs) by year in an 11-year-old longleaf pine
plantation during 2016 and 2017.
Measurement
2016 Date

719, 7127, 8/14, 9/10, 10/1, 10/22, 11/21, 12/16

2017
1/28, 2/24, 412, 4/29, 5/10, 6/14, 6/28, 7/19, 8/18, 9/19,
10/13, 11/16
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Table 2.2.4. Portion of individual randomly selected sampling points within throughfall
treatment plots (TRa4o) by measurement date and mean portion over all measurement dates in
an 11-year-old longleaf pine plantation in 2017.

Measurements Total Under Tray in
Meagjgfement Under Tray in Measurements TRao ’
TR40 in TR40 (% )

7/8/16 9 30 30.00%
7/28/16 14 30 46.67%
8/14/16 15 30 50.00%
9/10/16 15 30 50.00%
10/1/16 13 30 43.33%
10/22/16 6 20 30.00%
11/21/16 9 20 45.00%
12/16/16 11 30 36.67%
1/28/17 13 30 43.33%
2/24/17 12 30 40.00%
4/2/17 12 30 40.00%
4/29/17 16 30 53.33%
5/10/17 11 30 36.67%
6/14/17 12 30 40.00%
6/28/17 11 30 36.67%
7/19/17 10 30 33.33%
8/18/17 13 30 43.33%
9/19/17 13 30 43.33%
10/13/17 13 30 43.33%
11/16/17 16 30 53.33%
Totals 244 580 42.07%
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2.3 - Results
2.3.1 Climate

In 2016, mean monthly air temperature during the study ranged from 9.1 °C in December to
24.3 °C in July (Figure 2.3.1). In 2017, mean monthly air temperature ranged from 8.0 °C in
December to 23.6 °C in July (Figure 2.3.1). Monthly precipitation in 2016 during the study
ranged from 0.25 mm month in October to 144 mm month™ in July (Figure 2.3.1). In 2017,
monthly precipitation ranged from 39 mm month™ in November to 279 mm month™ in January
(Figure 2.3.1). Based on precipitation and PDSI, the site experienced extreme drought in 2016
(Figure 2.3.1). The PDSI dropped below -4 in October, November, and December in 2016 and

did not recover until May 2017.
2.3.2 Soil Temperature and Soil Moisture

In 2016, mean daily soil temperature ranged from 9.4 °C in December to 28.0 °C in June in
the TRotreatment and from 9.3 °C in December to 28.6 °C in June in the TR4o treatment (Figure
2.3.2). In 2017, mean daily soil temperature ranged from 6.2 °C in January to 26.5 °C in August
in the TR treatment and from 6.5 °C in January to 26.7 °C in August in the TR4o treatment
(Figure 2.3.2).

In 2016, daily precipitation ranged from 0 mm day™ on various days to 60 mm day* in July
(Figure 2.3.3A). From September 12 to November 28 2016, the site did not experience any
appreciable rainfall (<1 mm day™) (Figure 2.3.3A). In 2017, daily precipitation was as high as
68 mm day }(Figure 2.3.3A). Peaks in soil moisture generally followed patterns in daily
precipitation, particularly at the shallow depth (Figure 1.5.3). At the 5 and 15 cm depths, the

effect of TR treatment appeared to reduce
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soil moisture whereas the 50 cm (Figure 1.5.3C) depth did not show as strong of a response to
the TR treatment (Figure 1.5.3C). In 2016, during the 79-day extended period without
precipitation, soil moisture at all depths declined to near 2% then increased with precipitation

events in late November (Figure 1.5.3).
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Figure 2.3.1. Average monthly 24-hour air temperature, the Palmer Drought Severity
Index (PDSI), and monthly precipitation measured from June 2016 to December 2017.
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Figure 2.3.2. Daily average 24-hour soil temperature measured at 10 cm depth in
response to throughfall treatment (TRo, no throughtfall reduction; TRao, throughfall
reduction) measured from June 2016 to December 2017.
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Figure 2.3.3. Average 24-hour soil moisture content measured at 5 cm (A), 15 cm (B)
and 50 cm (C) depths in response to throughfall treatment (TRo, no thoughfall
reduction; TRuao, throughfall reduction) measured from June 2016 to December 2017.
Daily precipitation is shown in panel A.
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2.3.3 Growth

Growth varied with year, but no main or interactive effects of TR treatment were observed for
DBH, height, or basal area (Table 2.3.1). No significant main or interactive effects of the TR
treatment were observed for density (Table 2.3.1). Diameter at breast height averaged across
both treatments increased from 15.4 cm in 2016 to 16.1 cm in 2017 (Table 2.3.1). Height
averaged across both treatments increased from 10.3 m in 2016 to 10.9 m in 2017 (Table 2.3.1).

Basal area increased from 19.2 m? ha™ in 2016 to 20.6 m? ha* in 2017 (Table 2.3.1).
2.3.4 Pre-Treatment Root Biomass

Fine root (0.1-0.99 mm diameter) biomass varied by depth with 73.1% represented in top 0.2
cm of the soil profile (Table 2.3.2). These results indicated that sampling to the 30 cm depth as
described in section 3.6 should capture the majority of the fine root biomass. All fine root
biomass (0.1-1.99 mm diameter) was greater at 0.0-0.01 m depth than at 0.2-0.5 m depth (Table
2.3.2). Coarse root (2-4.99 mm diameter) biomass was lowest in the 0.0-0.01 m depth and
similar between the two deepest depths (Table 2.3.2). Coarse root (>5 mm diameter) biomass
was lowest in the 0.0-0.1 m depth and similar between the two deepest depths (Table 2.3.2.).

The effect of depth was not significant for fine root (1-1.99 mm diameter) biomass (Table 2.3.2).
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Table 2.3.1. Influence of year and throughfall treatment on tree and stand growth of a longleaf
pine plantation.

DBH Height Basal Area  Density
(cm) (m) (m? hat) (stems ha)
Year
2016 15.4(0.3) 10.3(0.1) 19.2(0.9) 1000 (32)
2017 16.1(0.3) 10.9(0.2) 20.6(0.8) 978 (33)
Throughfall treatment
TRo 15.8(0.4) 10.8(0.2) 20.9(1.1) 1029 (35)
TRuo 15.7(0.2) 10.4(0.1) 19(0.3) 949 (18)
P>F
Year <0.001 <0.001 0.002 0.228
TR 0.867 0.157 0.288 0.221
Year*TR  0.265 0.316 0.898 0.670

Note: Values are means * standard errors. TRo, no throughfall treatment; TRa4o, throughfall
reduction; DBH, diameter at breast height.
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Table 2.3.2. Pre-treatment mean root biomass by depth and root diameter class measured on May 12, 2016 in a longleaf pine
plantation. Roots were collected from eight random locations in each of the six plots. Lowercase letters denote significant differences
among depths.

Fine Roots Fine Roots Fine Roots Coarse Roots Coarse Roots
(0.1-0.99 mm) (1-1.99mm) (0.1-1.99 mm) (2-4.99 mm) (>5 mm)
(Mg ha?) (Mg ha?) (Mg ha?) (Mg ha) (Mg ha?)
Depth (m)
0.0-0.1 1.90 (0.15)a  0.54 (0.05) 2.44 (0.16)a 0.33(0.07)b 0.33(0.09) b
0.1-0.2 1.40 (0.10) b 0.67(0.06) 2.08 (0.15)ab 0.81(0.12)a 2.12(0.43)a
0.2-0.5 0.94(0.12)c  0.71 (0.04) 1.66 (0.11)b 1.01(0.13)a 1.64(0.66)a
P>F 0.010 0.065 0.008 0.004 0.028

Note: Values are means + standard errors.
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2.3.5 Soil Respiration

In 2016, no interactions between date and TR treatment were detected for Rs, and soil
temperature and soil moisture measured at the time of Rs measurement (Table 2.3.3). Soil
respiration, soil temperature, and soil moisture varied significantly by date in 2016. Mean Rs was
highest on July 7 (4.09 umol m? s™) and varied significantly throughout 2016 (Table 2.3.3).
Mean soil moisture was also highest on July 7 (7.5%) and lowest (<1%) on October 22 and
November 21 (Table 2.3.3). Mean soil temperature was highest from July to September and
varied significantly decreased October to December (Table 2.3.3). The TR treatment had no

significant effect on Rs, soil temperature, or soil moisture (Table 2.3.3).

In 2017, significant interactions between date and TR treatment were detected for Rs and soil
moisture measured during Rs measurements (Figure 2.3.4). The TR treatment significantly
reduced Rs on six of the 12 measurements dates and the reduction ranged from 13.8% to 21.6%
(Figure 2.3.4). Throughfall reduction significantly reduced soil moisture on seven dates and the
reduction ranged from 18.7% to 40.2% (Figure 2.3.4). Soil temperature during Rs measurement

varied significantly by date but not treatment (Figure 2.3.4).
2.3.6 Factors Controlling Soil Respiration

In 2016, stepwise linear regression analysis indicated that soil temperature, soil moisture, and
distance from nearest tree accounted for 70% of the variation in Rs in the TRo treatment and 71%
of the variation in Rs in the TR4o treatment (Table 2.3.4). Soil moisture explained 38% of the
variation in Rs in the TRo treatment and 34% in the TRa4o treatment (Table 2.3.4). Dummy

variable analysis of treatment effects on Rs response to soil moisture in 2016 indicated no
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significant differences in slopes (p=0.673) or intercepts (p=0.382) of the regression so one

regression function was fit to data pooled across treatments (Figure 2.3.5).

In 2017, stepwise linear regression analysis indicated that soil temperature, soil moisture,
distance to nearest tree, and surrounding basal area (only in TRa4o) accounted for 56% of the
variation in Rs in TRo treatment and 48% in TR4o treatment (Table 2.3.4). Soil temperature
explained the majority of the variation in Rs in both treatments with the other variables
explaining from 1 to 8% of the variation in Rs (Table 2.3.4). A nonlinear function (Rs =a* e
(bTsoil)) was fit to the Rs-temperature responses by plot and coefficients were tested between
treatments. Analysis of variance indicated a significant treatment difference in the b coefficient
(p=0.019) but not the a coefficient (p=0.086) (Table 2.3.5, Figure 2.3.6). Throughfall reduction
treatment significantly decreased the Q1o from 1.92 in TRo treatment to 1.67 for TR4o treatment

(p=0.016) (Table 2.3.5, Figure 2.3.6).
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Table 2.3.3. Influence of date (D) and throughfall treatment (TR) on soil respiration (Rs), soil
temperature, and soil moisture measured at the time of Rs measurement in a longleaf pine
plantation in 2016. Lowercase letters denote significant differences among dates.

Rs Soil Temperature  Soil Moisture
(umol m?s?)  (°C) (%)
Date
7-Jul-16 4.09 (0.08) a 25.4(0.3) b 75(0.2) a
27-Jul-16 3.61 (0.09) b 26.1(0.2) a 4.2(0.2)c
14-Aug-16 2.74 (0.15) c 26.0 (0.2) a 1.8(0.1)d
10-Sep-16  1.30(0.03) de  25.7 (0.1) ab 1.5(0.2) de
1-Oct-16 1.11 (0.05)ef 215(0.2)c 1.1(0.1)e
22-Oct-16  0.89 (0.04)fg 20.0(0.1)d 04(0.0)f
21-Nov-16  0.71 (0.02) ¢ 13.5(0.2) e 04(0.0f
16-Dec-16  1.37 (0.09)d 9.8(0.1)f 6.5(0.3)b
Throughfall treatment
TRo 2.14 (0.27) 21.3 (1.3) 3.2 (0.6)
TR0 2.02 (0.27) 21.5(1.3) 3.1(0.6)
P>F
D <0.001 <0.001 <0.001
TR 0.114 0.201 0.786
DxTR 0.707 0.708 0.790

Note: Values are means + standard errors (SEs). TRo, no throughfall treatment; TRuo,

throughfall reduction.
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Figure 2.3.4. Mean (xSE) soil respiration (Rs), and soil temperature, and soil moisture
measured during Rs measurements in response to throughfall treatment (TRo, no
throughfall reduction; TRa4o, throughfall reduction) by date in 2017 in a longleaf pine
plantation. Asterisks indicate a significant treatment effect within a date. Observed
probability values for the effects of date and throughfall treatment (TR) are indicated.
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Table 2.3.4. Parameter estimates and partial R? for models describing relationships between soil
respiration and soil temperature (Tsoil), soil moisture (SM), distance from nearest tree (DNT)
and surrounding basal area (BA) by year and treatment in a longleaf pine plantation.

2016 2017
Partial Partial

Estimate R? P>F Estimate R? P>F
TRo TRo
Intercept  -1.426 Intercept  -0.663
Tsoil 0.139 0.30 <0.001 Tsoil 0.171 0.52 <0.001
SM -0.003 0.38 <0.001 SM 0.091 0.02 <0.001
DNT 0.302 0.02 <0.001 DNT -0.004 0.02 <0.001
BA N.S. N.S. N.S. BA N.S. N.S. N.S.
TR0 TR0
Intercept  -1.242 Intercept  -1.002
Tsoil 0.130 0.34 <0.001 Tsoil 0.149 0.34 <0.001
SM 0.306 0.34 <0.001 SM 0.167 0.08 <0.001
DNT -0.004 0.03 <0.001 DNT -0.004 0.05 <0.001
BA N.S. N.S. N.S BA 3.602 0.01 0.010

Note: TRo, no throughfall treatment; TRa4o, throughfall reduction. N.S., not significant.
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Figure 2.3.5. Soil respiration (Rs) in response to soil moisture (SM) in the throughfall
treatments (TRo, no throughfall reduction; TRao, throughfall reduction) in a longleaf
pine plantation in 2016. Each data point represents an individual measurement.
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Figure 2.3.6. Soil respiration (Rs) versus soil temperature (Tsoil) in response to
throughfall treatment (TRo, no throughfall reduction; TRao, throughfall reduction) in a
longleaf plantation in 2017. Each data point represents an individual measurement.
Solid line represents the relationship of Rs versus Tsoil in TRo plots whereas the
dashed line represents the relationship of Rs versus Tsoil in TRa4o plots.

35



2.3.7 Annual Soil Respiration

Throughfall reduction treatment reduced annual Rs by 12.6%, from 9.96 Mg C ha* yr? in the
TRo treatment to 8.70 Mg C ha® yr? in the TRao treatment (Table 2.3.5). Monthly minimum,
maximum, and/or mean continuously measured Tsoil did not vary due to TR treatment in 2017

(Table 2.3.5).
2.3.8 Effect of Throughfall Reduction Trays on Fine Root Biomass

There were no interactive or main effects of TR treatment and location (within row versus
between rows) on Rs, soil temperature, and fine root biomass (0.1-1.99 mm diameter) one year
after initiation of TR treatment (Table 2.3.6). A significant interaction between TR treatment
and location for soil moisture was observed (Table 2.3.6); an effect of location was observed
only in the TR4o treatment with lower soil moisture between rows (under trays) than within rows.

(Figure 2.3.7).
2.3.9 Heterotrophic Respiration

Soil respiration near tubes, Rh, Rh:Rs, soil temperature, and soil moisture (both inside and
outside the tube) all varied significantly by month (Table 2.3.7). Soil respiration was highest in
August (2.93 umol m? s) and ranged from 2.20 pmol m? s -1.22 umol m? s? in all other
months (Table 10). Heterotrophic respiration was highest in August (2.19 pmol m™ s*) and
lowest in February (1.09 umol m? s?) (Table 2.3.7). The ratio of Rh to Rs was highest in
February (89.4%) and ranged from 77.8-72.4% in all other months (Table 2.3.7).

There were no main effects of TR treatment on soil temperature (inside or outside the tube),
Rh, or Rh:Rs (Table 2.3.7). Interactive effects of month and TR treatment were observed for Rs

and Rh:Rs. A significant effect of treatment on Rs and Rh:Rs was observed in August when
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TRu4g treatment increased Rh:Rs by 22% and decreased Rs by 27% (Table 2.3.7, Figure 2.3.8.)
Main effects of location were observed for Rs and Rh where Rs decreased by 9% and Rh
decreased by 11.6% between rows versus within rows (Table 2.3.7). A significant three-way
interaction between month, TR treatment and location indicated that soil moisture within the tube
decreased between rows but not within rows only in TR4o ranging from 28.5% to 56.0 % in May,
August, and November (Table 2.3.7, Figure 2.3.9A). An interaction between TR treatment and
location indicated that soil moisture outside the exclusion tube was decreased by TR4o between

rows but not within rows from 5.8 % to 3.8% (Table 2.3.7, Figure 2.3.9B).
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Table 2.3.5. Throughfall (TR) treatment effects on annual soil CO: efflux, coefficients a and b of the nonlinear function describing
soil respiration response to soil temperature (Rs = a* e ®™°) 'and minimum (Tsoil-min), maximum (Tsoil-max), and mean soil
temperature (Tsoil) measured continuously in a longleaf pine plantation in 2017.

Annual Soil Efflux  Coefficient a Coefficient b Q1o Tsoil-min Tsoil-max Tsoil
(Mg C ha* yr!) (°C) (°C) (°C)

TRo 9.96 (+ 0.16) 0.734 (£ 0.01) 0.065 (+0.002) 1.92 (x0.04) 15.2(x1.0) 21.5(x0.7) 18.8(%0.8)
TR0 8.70 (x 0.12) 0.852 (0.07) 0.051 (£0.005) 1.67(x0.05) 15.2(x1.0) 21.5(#0.7) 18.8(x0.8)
P>F
Month N.A. N.A. N.A. N.A. <0.001 <0.001 <0.001
TR 0.008 0.086 0.019 0.016 0.933 0.974 0.959
Month x TR N.A. N.A. N.A. N.A. 0.798 0.0279 0.363

Note: Values are means + standard errors (SES). TRo, no throughfall treatment; TRao, throughfall reduction. N.A., Not Applicable.
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Table 2.3.6. Influence of throughfall reduction treatment (TR) and location (LOC) on soil
respiration (Rs), soil temperature, soil moisture, and fine roots by diameter class in a longleaf
pine plantation measured in June 2017 approximately one year after throughfall treatment
initiation.

Soil Soil Fine Roots
Rs Temperature  Moisture (0.1-1.99 mm)
(umol m?s™) (°C) (%) (Mg ha)
Throughfall treatment
TRo 2.63 (0.08) 21.6 (0.1) 7.6 (0.3) 1.37 (0.11)
TRy 2.54 (0.09) 21.5(0.1) 6.0 (0.9) 1.52 (0.13)
Location

Within Row 2.51 (0.04) 21.5(0.1) 7.4 (0.3) 1.37 (0.11)
Between Row  2.67 (0.09) 21.6 (0.7) 6.2 (0.1) 1.52 (0.13)

P>F
TR 0.498 0.178 0.003 0.256
LOC 0.223 0.419 0.012 0.236
TRXLOC  0.207 0.585 <0.001 0.634

Note: Values are means * standard errors. TRo, no throughfall treatment; TR4o, throughfall
reduction.
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Figure 2.3.7. Mean soil moisture by throughfall reduction treatment (TRo, no
throughfall reduction; TR4o throughfall reduction) in response to location in 2017 in a

longleaf pine plantation. Asterisks indicate a significant location effect within
treatment.
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Table 2.3.7. Influence of month (M), throughfall treatment (TR), and location (LOC), on soil respiration (Rs), heterotrophic
respiration (Rh), the ratio of Rh to Rs (Rh:Rs), soil temperature (Tsoil), and soil moisture (SM) within and outside the exclusion tube
in a longleaf pine plantation in 2017. Lowercase letters denote significant differences among months.

Tsoil SM outside  Tsoil SM within
Rs Rh RI:RS  outside tube  tube within tube  tube
(umol m?s™)  (umol m?s™) (%) Q) (%) cC) (%)

Month (2017)
FEB 1.22 (0.04) c 1.09 (0.06)d 89.4(3.0)a 13.1(0.4)d 4.7(0.1)b 13.2(0.0)d 6.2(0.9)c
MAY 1.76 (0.07)bc  1.37(0.09)c 77.8(2.0)b 17.3(0.1)b 6.0(04)a 17.6(0.2)b 7.6 (0.4)ab
AUG 2.93(0.18)a 2.19(0.10)a 76.9(3.3)bc 25.4(0.1)a 4.9(04)b 256(0.2)a 9.2(0.9)a
NOV 220(0.12)b  1.53(0.07)b 724 (23)c 151(0.2)c 47(0.4)b 154(0.1)c 6.4(0.7) bc
Throughfall treatment
TRo 2.12 (0.18) 1.61(0.10)  79.7(2.2) 17.7(0.1)  5.6(0.2) 17.9 (1.0)  8.3(0.4)
TRa 1.94 (0.12) 1.48 (0.10) 78.5 (2.4) 17.8 (0.1) 4.6 (0.3) 18.0 (1.0) 6.4 (0.7)
Location
Within Row 2.12 (0.16) 1.64 (0.10)  80.5(2.5) 17.7 (0.1) 5.4 (0.2) 17.9 (1.0) 8.0 (0.5)
Between Row  1.93 (0.15) 1.45(0.10)  77.7 (2.0) 17.8(0.1)  4.8(0.3) 18.0 (1.0) 6.8 (0.5)
P>F
M <0.001 <0.001 <0.001 <0.001 0.003 <0.001 <0.001
TR 0.028 0.115 0.652 0.414 0.001 0.325 0.004
LOC 0.023 0.027 0.280 0.510 0.013 0.650 0.006
Mx TR 0.001 0.790 0.001 0.220 0.129 0.888 0.002
M x LOC 0.204 0.906 0.086 0.912 0.564 0.239 0.001
TR xLOC 0.805 0.126 0.104 0.669 0.001 0.362 0.001
MxTRxLOC 0.137 0.436 0.207 0.936 0.093 0.564 0.020

Note: Values are means + standard errors. TRo, no throughfall treatment; TRao, throughfall reduction.
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Figure 2.3.8. Mean soil respiration (Rs) and the ratio of Rs to Rh (Rh:Rs) in response
to throughfall treatment (TRo, no throughfall reduction; TRa4o, throughfall reduction)

by month in 2017 a longleaf pine plantation. Asterisks indicate a significant treatment
effect within a month.
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Figure 2.3.9. Mean soil moisture inside the exclusion tube in the TRa4o treatment in
response to location effects by month (A) and soil moisture outside the tube in
response to throughfall reduction (TRo, no throughfall reduction; TR4o throughfall
reduction) by location (B) in 2017 in a longleaf pine plantation. Asterisks indicate a
significant location by month interaction in soil moisture inside the exclusion tube (A)
and a significant treatment by position interaction in soil moisture outside the
exclusion tube (B).
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2.4 - Discussion

I hypothesized that Rs would decrease in response to drought imposed by TR. In support of
this hypotheses, TR significantly decreased Rs during some months in 2017 and decreases
ranged from 13.8% to 21.6%. These results agree with other studies that demonstrated decreased
Rs in a variety of forests (Schindlbacher et al. 2012; Borken et al. 2006, Koptitike et al. 2014;
Brando et al. 2008). For example, Schindlbacher et al. (2012) found that 100% summer TR in
Norway spruce (Picea abies L.) stands decreased Rs by 50%. Borken et al. (2006) observed a
10-30% decline in Rs in response to 100% TR in a maple/oak forest. In Calluna spp. dominated
shrub lands in the Netherlands, 100% TR decreased Rs by 42-45% (Kopittke et al. 2014).
Conversely, in an Amazonian rainforest, Brando et al. (2008) found no significant response to
40% TR, and attributed the lack of Rs response to large pulses in Rs after rewetting in TR plots
compared to the control plots. In 2017, TRa4o reduced annual Rs in this study by 12.6%. Annual
Rs was 9.96 Mg C ha* yr? in the TRy treatment and 8.70 Mg C ha yr? in the TRao treatment
and similar to the range reported for other southern pine forests. For example, Palmroth et al.
(2005) reported that annual Rs decreased from 13.3 Mg C ha* yr! to 12.3 Mg C ha! yr? (7.5%)
in response to a severe drought in a loblolly pine (Pinus taeda L.) plantation. Our annual Rs
values are somewhat lower than rates reported by ArchMiller and Samuelson (2016a) for
longleaf pine forests ranging from 5 to 87-years-old (12.0-13.9 Mg C ha* yr?). Samuelson and
Whitaker (2012) reported a slightly higher range for a 50-year-old longleaf pine forest of varying
basal areas (11.0-17.9 Mg C ha* yr1). However, none of the longleaf studies mentioned were
conducted on Lakeland soils. Our range is higher than Hendricks et al. (2006) who compared Rs

from longleaf pine forests on xeric soils and hydric soils and reported annual Rs from 4.6 Mg C
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ha! yr! to 6.9 Mg C ha® yr. However, Hendricks et al. (2006) used a different technique to

measure soil CO2 which may account for their lower rates.

No effect of TR on Rs were observed in 2016 during extreme natural drought when Rs in both
treatments were reduced to near zero. Although TR had no influence on Rs in 2016, soil
moisture explained 32% of the variation in Rs across treatments. Often in xeric soils, rewetting
after a period of prolonged drought can cause a pronounced release of CO from the soil caused
by diffusion of water into pore space, increased active decomposition of dead soil microbes, and
increased root maintenance respiration (Brando et a. 2008; Schindlbacher et al. 2012; Vicca et al.
2014). The effects of soil moisture on Rs are often interrelated with soil temperature, as
described later in this discussion. A large pulse in Rs when soil moisture recovered in late 2016

was not observed perhaps because of seasonally low soil temperature in December 2016.

In both years, Rs was significantly related to soil temperature. As my results suggest, there is
a significant reduction in the response of Rs to soil temperature when soil moisture is limited.
Throughfall reduction treatment reduced Q1o by 13% in 2017, from 1.92 in TRo to 1.67 in TRao.
Others have also observed a reduction in Q1o with reduced soil moisture. For example, Wang et
al. (2014a) observed a decrease in Q1o in a desert shrub ecosystem following a decrease in soil
moisture. A reduction in Q1o in response to drought stress has been reported in a tropical forest
(Goodrick et al. 2016) and a temperate forest (Subke and Bahn 2010.) Whitaker and Samuelson
(2012) observed a slightly higher Q10 of 2.81 in a 50-year-old longleaf pine forest but did not
encounter drought stress. ArchMiller and Samuelson (2016a) found that drought stress reduced
Q1o from 2.18 to 1.94 when soil moisture was extremely limited during a naturally occurring
drought in a longleaf pine forest. Powell et al. (2008) observe a significant reduction in Q1o from

2.0 when soil water content was above 5.5% to 1.4 when soil water content was below 5.5% in a
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longleaf pine forest. A possible explanation of the reduction in Quo is that drought stress can
limit: (1) the diffusion of nutrients to plants and microbes, (2) physiological performance in
plants, and (3) extracellular enzymes in soil that aid in the degradation of available substrate
(Wang et al. 2014c). The results from the Rh study suggest that the reduction in Qo in response
to TRa4o could be due to a reduction in Ra rather than Rh. Others have observed similar
reductions in Ra but not Rh. For example, Nikolova et al. (2009) suggested that Ra was more
responsive to changes in soil temperature and soil moisture than Rh in a Norway spruce (Picea
abies L.) forest. Similarly, Hinko-Najera (2015) observed in a Eucalyptus (Eucalyptus sp.)
forest that Rh was more sensitive to changes in soil temperature but Ra was more sensitive to

changes in soil moisture in response to 40% TR.

| hypothesized that Rs would be negatively correlated to distance from the nearest tree and
positively correlated to soil moisture, soil temperature, and surrounding tree basal area.
Surrounding tree basal area was only positively correlated with Rs in TR plots in 2017 and was
non-significant in 2016 models in both treatments. Distance from nearest tree only explained a
maximum of 5% of the variation in Rs in 2017 in the TR4o and 3% in 2016 in the TR4. A
positive relationship between surrounding tree basal area and Rs and a negative relationship
between Rs and distance from nearest tree was observed in a variety of forest types. For
example, Ohashi et al. (2016) explored the spatial variability of Rs during short-term severe
experimental drought and found that distance from nearest tree correlated negatively with Rs in a
Mylasian tropical forest. ArchMiller et al. (2016a) found that Rs was positively related to
surrounding tree basal area and negatively related to distance from nearest tree in a mature,
natural longleaf pine forest. However, Samuelson and Whitaker et al. (2012) found that stand

basal area was only weakly related to Rs in a 50-year-old longleaf pine forest.
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I hypothesized that TR trays would alter soil moisture dynamics and thus influence the spatial
distribution of fine roots. Essentially, | hypothesized that fine root mass would increase within
row compared to between rows (directly under TR trays in TR4o treatment) to compensate for
reduced fine root biomass below TR trays. This hypothesis was based on root hydrotropism: the
ability of a plant to direct growth in response to a hydrologic vector (Eapen et al. 2005;
McElrone et al. 2013). Positive hydrotropism occurs when the root cap is stimulated, and cell
elongation occurs on the drier side of the root leading to root growth towards the damper soil
patch (Takahashi et al. 1994). Guevara and Giordano (2015) observed positive hydrotropism in
desert plants when studying the direction of fine root growth in a water limited ecosystem.
Kanber et al. (1999) observed a decrease in root biomass as the distance from the irrigation
source increased in grapefruit (Citrus paradise) trees. Results suggest that TR trays (location) or
treatment had no effect on fine root biomass and associated Rs. Others have reported a positive
relationship with Rs and fine root biomass in longleaf pine forests (Archmiller and Samuelson
2016a; Samuelson and Whitaker 2012), but I did not observe a significant reduction in fine root
biomass in the TR4o treatment. An interactive effect of location within the TR treatment on soil
moisture was observed, suggesting that the TR trays acted as a barrier to limit throughfall from
reaching the soil below, thus decreasing soil moisture in TRa4g directly below TR trays. In
contrast to these results, others have observed decreases in root biomass and changes in root
morphology in response to reduced soil moisture. For example, in a Chinese oak forest, Liu et
al. (2017) observed a decrease in fine root biomass in response to ~50% TR reduction and soil
warming. Brunner et al. (2015) found that that reduced soil moisture tended to decrease root tip
frequency and overall root length leading to decreased fine root biomass in many forested

species. Similarly, Nikolova et al. (2009) observed decreased fine root production in Norway
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spruce in response to extreme drought. Decreases in fine root biomass with reduced soil
moisture may be caused by decreased root growth (Sword-Sayer et al. 2005) or increased fine
root mortality and turnover (Brunner et al. 2015; Nikolova et al. 2009; Gual et al. 2008). Sword
Sayer and Haygood (2006) observed a decrease in fine root elongation in longleaf pine during a
naturally occurring three-year drought. The relatively low sample size and low sampling
frequency likely did not capture fine root dynamics. Sword Sayer et al. (2005) found that
longleaf pine fine root biomass peaks in June, July, and December. Additional sampling could

have provided a better insight how fine root production and mortality respond to drought.

No significant effect of TR on Rh was observed, although soil moisture inside tubes and
under trays was reduced by TRa4o treatment. Similarly, Nina Hinko-Najera et al. (2015) found no
significant response of Rh to 40% TR treatment in an Australian eucalyptus (Eucalyptus sp.)
forest. Conversely, in a Norway spruce (Picea abies L.) forest (Muhr and Borken 2009) and in
mixed deciduous forest (Borken et al. 2006) Rh decreased in response to 100% TR. Therefore,
the significant decrease in Rs in response to TR4o in August associated with the Rh measurement
could be attributed to decreased Ra. However, Wang et al. (2014c) proposed that Rh is more
sensitive to drought stress than Ra. Heterotrophic respiration can be more sensitive to drought
stress because drought limits soil organic matter decomposition, limits the physiological ability
of soil microbes, limits the diffusion of nutrients to soil microbes, and may shift microbial
communities to less productive, drought tolerant fungal and microbe populations (Wang et al.
2014c). Although Rh constituted the majority of Rs in this study, our results suggest that Ra
could be more sensitive to drought stress in longleaf pine forests, at least above the soil wilting
point, suggesting decreases in photosynthesis or root biomass in TR treatment (Wang et al.

2014b). The decrease in Ra in the TR4o treatment could be attributed to a decrease in leaf-level
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net photosynthesis, which was detected in a companion study in 2017 at our site (personal
communication, Caren Custodio Mendonca). The contribution of Rh to Rs (Rh:Rs) ranged from
72-89%. Hanson et al. (2000) in a synthesis on Rh reported a wide range in Rh, from 10-90% of
Rs. Heim et al. (2015) found that Rh accounted for 79% of Rs annually in a 9-year-old loblolly
pine plantation in Virginia. However, they found that 30% TR had no effect on Rh:Rs. In
another loblolly pine study, McElligott et al. (2016) found that Rh accounted for 50-82% of Rs.
In a 26-year-old longleaf pine forest, Rh accounted for 61-82% of total Rs (ArchMiller and
Samuelson 2016b). Collins (2005) reported that Rh ranged from 85-88% in longleaf pine forests

on clayey soils and 90- 96% in forests on sandy soils.

The wilting point for soils at the study site is 3.3% based on the soil moisture sensors installed
permanently in the plots (personal communication, Tom Stokes). An equation: (y = 1.080x +
0.743; p = <0.001; R? = 0.63) was developed using regression analysis to relate soil moisture
measured directly following Rs measurement using time domain reflectometry (x) to the
continuously measured soil moisture using capacitance and frequency domain (y). The wilting
point for Rh to based on time domain reflectometry was 2.3%. The TR failed to decrease soil
moisture in the tubes and adjacent to the tubes to this extent in 2017, thus suggesting the
reductions in soil moisture did not physiologically stress soil microbial population enough to
detect a reduction in Rh. Other methods exist to partition Ra and Rh from Rs. For example, the
trenching method requires excavating a small trench around plots to exclude roots and the
autotrophic component of Rs (Vogel et al. 2005). Tree girdling is used to restrict photosynthate
from reaching roots (Hogberg 2001). 1 used root exclusion tubes to limit residual damage to
surrounding trees (McElligot et al. 2016) compared to other, more destructive methods

mentioned above.
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2.5 - Conclusions

In summary, drought stress reduced Rs and its components. Extreme drought stress in 2016
reduced Rs and soil moisture to near zero, and TR4o reduced Rs up to 21.6% in 2017. Soil
temperature and soil moisture explained the majority of the variation in Rs in both years, but
drought stress reduced the response of Rs to soil temperature. Heterotrophic respiration
accounted for the majority of Rs (79-82%), but the effect of drought stress may be more apparent
on Ra in longleaf pine forests under moderate drought. Under severe drought, both Ra and Rh
are greatly reduced. Decreases in Ra without reduction of fine root biomass in response to
drought stress could be an indicator of decreased photosynthesis which could ultimately lead to
decreased carbon sequestration. Although longleaf pine forests offer carbon storage benefits
compared to other southern pine species, based on their longevity, increasing temperatures and
longer periods of drought stress could significantly decrease their physiological ability to store
carbon and help mitigate climate change. Decreases in soil respiration due to drought could be
an indicator of drought stress effects on soil health leading to decreased nutrient uptake and

nutrient processing in plant roots and soil microbes.
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