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Abstract

The stable isotope 13C has become a popular tool for tracing carbon exchange between

atmospheric and terrestrial reservoirs. Stable isotope techniques have been applied in a

variety of ecosystems to partition the component fluxes of net CO2 exchange (FN) and

have been incorporated into several atmospheric inversion models that estimate the ter-

restrial carbon sink on the regional and global scales. While the use of stable isotope

theory has helped provide valuable insight into the temporal and spatial variability of car-

bon exchange, there has been some concern about the theory’s dependence on several

key assumptions that have gone unverified due to limiting sampling techniques. Specific

concerns regard the temporal variability of the isotopic composition of ecosystem respi-

ration (δR) and its potential influence on ecosystem flux partitioning. In this thesis, an

automated chamber system was combined with stable isotope techniques to evaluate and

apply isotopic partitioning theory both in an agricultural ecosystem and in a climate con-

trolled experiment using corn and soybean plants. Further, this new automated sampling

technique was combined with isotopic flux-gradient measurements to examine the main

factors controlling variability in ecosystem respiration and its isotopic composition. The

findings from this thesis research may benefit land surface schemes that simulate isotopic
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fluxes for input to atmospheric inversion models.
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Chapter 1

Thesis Introduction

Agricultural ecosystems play a significant role in regulating carbon exchange between the

terrestrial biosphere and the atmosphere. In the Upper Midwest United States, agricul-

tural ecosystems are the dominant land use with over 60% of the land under managed

cultivation (Bergen et al., 2002). The high proportion of land under cultivation allows for a

significant anthropogenic influence on the net ecosystem CO2 exchange (FN) between the

land and the atmosphere. In agricultural ecosystems, FN is comprised of carbon uptake

during photosynthesis (negative flux/toward ecosystem) and carbon loss during respira-

tion (positive flux/toward atmosphere). The rate of photosynthetic uptake of atmospheric

CO2 (FP ) is controlled by the vegetation and is influenced by several factors, including

vegetation type, nutrient supply, and climate. Carbon loss from the biosphere to the at-

mosphere is controlled by the release of CO2 from the plants and soil through respiration

(FR). Variation in the amount of CO2 released to the atmosphere is influenced mainly

by the rate of microbial decomposition of organic matter, known as heterotrophic respi-
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ration (Fh), and the amount of CO2 released from the vegetation, known as autotrophic

respiration (Fa). While climatic conditions such as temperature and soil moisture are

major influences on the components of FR, changes in vegetation type, phenology, and

soil fertility have also been shown to cause significant variability as well. With such a high

proportion of land under direct human influence, accurate estimations of FP , Fh and Fa

from agricultural ecosystems are needed in order to assess both their relative influences on

the regional and global carbon cycles and their relative senitivities to changes in climate

and land use. This assessment is important not only for the determination of proper

farming practices but also for the potential interest in carbon credits (West and Marland,

2002).

Within the last 15 years, the stable isotope 13C has been used as a tracer to study tem-

poral and spatial variability in the exchange between atmospheric and terrestrial carbon

reservoirs (Pataki et al., 2003; Ehleringer et al., 2002). By tracing the differences in the

natural isotopic composition of carbon pools, researchers can determine the relative influ-

ences biophysical and anthropogenic processes have on the isotopic budget of atmospheric

CO2. In agricultural ecosystems, stable isotope methodologies often utilize the distinct

isotopic signatures of C3 and C4 plants to determine carbon sources and sinks within the

ecosystem. The distinct isotopic signatures of C3 (i.e. soybean) and C4 (i.e. corn) plants

result due to differing levels of of isotopic discrimination during photosynthesis. In a C3

plant, carboxylation of the CO2 acceptor ribulose-1,5-bisphosphate (rubisco) creates an

isotopic signature within the plant ranging from -28 to -25h (Farquhar et al., 1989).

In a C4 plant, carboxylation of phosphoenolpyruvate (PEP) occurs in the mesophyll cells
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before rubisco carboxylation can take place in the bundle sheath cells. This additional

step creates a more enriched isotopic signature relative to the C3 pathway, with typical

values ranging from -14 to -11h (Farquhar, 1983). Respiration from C3 and C4 plants

typically carry an isotopic signature that is close to its value of isotopic discrimination

during photosynthesis, although several studies have shown post-photosynthetic fraction-

ation to occur (Gessler et al., 2008; Kodama et al., 2008; Gessler et al., 2007; Hobbie

and Werner, 2004). Further, soil organic carbon derived from C3 and C4 plants carries

an isotopic signature similar to its respective photosynthetic pathway. With the addition

of atmospheric CO2, which carries an isotopic signature of about -8h, the component

fluxes of net ecosystem CO2 exchange (FP , Fa, and Fh) can be traced throughout an

agricultural ecosystem based on the unique isotopic signatures of its respective carbon

pools.

Many studies have applied stable isotope techniques in terrestrial ecosystems. Specif-

ically, stable isotopes have been used to separate ecosystem respiration into its het-

erotrophic and autotrophic components (Rochette et al., 1999; Griffis et al., 2005), identify

and quantify anthropogenic release of carbon into the atmosphere through fossil fuel and

biomass burning (Bush et al., 2007; Pataki et al., 2003), and partition net ecosystem CO2

exchange into its photosynthetic and respiratory fluxes (Zhang et al., 2006; Ogée et al.,

2003; Bowling et al., 2003; Yakir and Wang, 1996). Despite the recent advancements

in sampling techniques and the considerable promise stable isotope analyses have shown,

several limitations continue to exist in the methodology that can lead to large amounts of

uncertainty in the modeled results. Potential limitations include, but are not limited to,

3



poor signal to noise ratios using flux-gradient sampling during the daytime (Griffis et al.,

2005), estimation of the stomatal conductance for CO2 (gc) using the Penman-Monteith

equation (Billmark and Griffis, 2009), a limited number of ecosystem types where stable

isotope techniques can be applied (Hanson et al., 2000), and a poor understanding of the

factors that control diurnal and seasonal variability in the isotopic composition of ecosys-

tem respiration (Griffis et al., 2004b). Further, modeling using the stable isotope approach

commonly utilizes mass balance relationships, potentially allowing for self-correlation to

occur in the modeled results (Vickers et al., 2009).

While stable isotope models such as CANISOTOPE and ISOLSM have become popu-

lar tools for regional and global carbon cycle analyses, there is currently no or limited data

available to validate these isotope models (McDowell et al., 2008). In the first chapter

of this thesis, automated chamber and flux-gradient sampling techniques were combined

with stable isotope methodologies to examine the factors controlling variation in ecosys-

tem respiration and its isotopic composition. Analyses were conducted in an agricultural

ecosystem under annual C3/C4 crop rotation as well as in a climate controlled greenhouse

facility housing plots of mixed C3/C4 soil. Specifically, this chapter: 1) examined 6 years

of climatological and isotopic flux-gradient data to determine the main factors influencing

ecosystem respiration and its isotopic composition on the seasonal time scale; 2) used

an automated chamber system to examine diurnal variability in the isotopic composition

of soil respiration from early to peak growth of a corn growing season; 3) isolated peri-

ods of non-steady state CO2 exchange at the soil-atmosphere interface and estimated its

influence on chamber measurements of soil respiration and its isotopic composition; 4)
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examined the relative effectiveness of using stable isotope sampling techniques to isolate

the heterotrophic and autotrophic fluxes of ecosystem respiration and suggested when

these techniques are most successful.

In the second chapter of this thesis, an automated chamber system was combined

with tunable diode laser (TDL) spectroscopy to evaluate isotopic partitioning theory and

to simplify and isolate potential challenges and problems. Analyses were performed in a

climate controlled greenhouse using soil plots with C3 and C4 treatments. In particular,

this chapter: 1) utilized the isotopic partitioning method to estimate FR and FP from

corn and soybean soil chamber plots in a climate controlled greenhouse; 2) determined the

main theoretical and methodological limitations of the isotopic partitioning method that

cause the greatest sources of uncertainty; and 3) compared stable isotope and temperature

regression partitioning methods to determine the ecosystem types and time scales where

each method is most effective.
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Chapter 2

Factors controlling temporal

variability in the isotopic composition

of ecosystem respiration

2.1 Introduction

The release of CO2 from the soil and living biomass, referred to as ecosystem respiration

(FR), is the major pathway for carbon loss in terrestrial ecosystems (Herbst et al., 2008;

Ryan and Law, 2005; Rustad et al., 2000). Globally, FR is responsible for approximately

70 to 100 Pg (Pg = 1015 g) of carbon released to the atmosphere every year, twenty

times greater than the anthropogenic release of carbon (Luo and Zhou, 2006; Rustad

et al., 2000). Due to its major role in the terrestrial carbon cycle, much attention has

been aimed at how changes in climate and land use impact the autotrophic (Fa) and
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heterotrophic (Fh) components of FR (Drewitt et al., 2009; Baldocchi et al., 2006; Griffis

et al., 2005). Understanding the physical and biological controls on Fa and Fh is a critical

step toward the development of more accurate surface exchange models that estimate

changes in the cycling of carbon between the soil, biomass, and atmosphere under future

climate projections.

Currently, there is disagreement over the effects of climate change on the global soil

carbon reservoir. Several climate models have suggested that an increase in global soil

temperature will accelerate the transfer of soil carbon to the atmosphere due to increased

microbial decomposition, which would cause a positive feedback and lead to further warm-

ing (Jones et al., 2004; Rustad et al., 2000; Schimel et al., 1994). There is not, however,

a consensus on the temperature sensitivity of microbial decomposition under a warmer

climate. Commonly, climate models assume this temperature sensitivity to be constant,

although there is evidence suggesting that acclimatization and decreased sensitivity occurs

under a warmer climate (Atkin et al., 2005; Luo et al., 2001). Warmer climates may also

increase photosynthesis, which would increase plant-derived carbon input to the soil and

could cause a negative feedback if this input exceeds increases in microbial decomposition

(Davidson and Janssens, 2006). Changes in the rate of photosynthesis, however, will also

be affected by variability in available soil water and nutrient supplies.

The biophysical processes controlling autotrophic (Fa) and heterotrophic (Fh) res-

piration differ significantly and are expected to respond differently to climate and land

use change. Changes to these controlling processes may affect the proportion of carbon

released by autotrophic and heterotrophic sources within an ecosystem. Autotrophic res-
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piration is the controlled oxidation and mobilization of reduced organic compounds, such

as glucose, within the plant. During these processes, free energy is released and stored in

the compound ATP, which can be utilized by the plant for maintenance and development.

Fa is closely coupled to the rate of photosynthesis on the annual timescale (Baldocchi,

2008). On the diurnal time scale, plants respire approximately half of their daily photo-

synthetic yield, with decreasing amounts observed in older plants (Taiz and Zeiger, 2002).

The temperature sensitivity of Fa from above and below ground sources is generally equal

with Q10 values near 2.0 and ranging from 1.5 to 4.6 (Boone et al., 1998). Mean Q10

values exhibited from mature leaves, however, are generally higher than those of whole

root systems, with Q10 values of about 2.2 and 1.6, respectively (Atkin et al., 2005).

Heterotrophic respiration is the release of CO2 due to the consumption of detritus

(dead plant and animal organic matter) and root exudates by soil microbial communities.

In aerobic environments, organic matter is broken down and oxidized by the soil microbes,

yielding CO2, water, and energy in the form of ATP (Luo and Zhou, 2006). Microbial

activity is strongly correlated to temperature, with most of the variation in Fh accounted

for by changes in soil temperature. In addition to temperature, soil moisture, O2 availabil-

ity, and the quality of soil organic carbon (SOC) and root exudates also affect microbial

activity (Davidson et al., 1998).

Under field conditions, FR is typically measured using chambers or eddy covariance

techniques. In order to gain a better understanding of the heterotrophic and autotrophic

fluxes of FR and their sensitivities to environmental factors, separation of these component

fluxes is required. Several techniques have been used to isolate Fa and Fh. Partitioning
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using the root exclusion method estimates Fa and Fh by measuring soil respiration with

and without the presence of roots (Ngao et al., 2007; Gaumont-Guay et al., 2006; Hanson

et al., 2000; Bowden et al., 1993). This method involves either trenching, which requires

active plant roots to be severed and left in place by digging a trench around a small test

plot, or root removal, which involves the physical removal of roots from a test plot (Jassal

and Black, 2006). Autotrophic respiration is then estimated by taking the difference

between the CO2 efflux from a test plot and from a control plot where active plant

growth is present. Although widely used, the root exclusion method has several potential

limitations, including disturbance effects, influence from decomposing roots, disruption of

carbon flow to microbial communities via root exudates, and differences in soil density,

moisture, and aeration between the test and control plots (Ngao et al., 2007).

The integration method separates individual soil components that contribute to FR,

such as roots, soil, and litter. Efflux measurements of the individual components are

proportioned according to their individual masses. The sum of the proportional efflux

yields an integrated measurement of FR (Hanson et al., 2000). Usually, FR is measured

in a nearby control plot for validation of the integrated value. While this method yields

valuable insights into the individual contributions to FR, it has several potential limitations,

including changes in soil moisture and microbial activity due to component separation,

and a lack of in situ measurement.

The use of the stable isotope 13CO2 as a tracer of carbon fluxes can greatly improve

our understanding of the role that FR components play in the terrestrial carbon cycle

(Ehleringer et al., 2002). Differences in the isotopic abundance of Fa and Fh can influence
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the isotopic signature of FR, which can be used to determine source changes in FR on

the seasonal and diurnal time scales (Baggs, 2006; Griffis et al., 2005, 2004a; Hanson

et al., 2000; Flanagan et al., 1996). Partitioning using the stable isotope method has

a distinct advantage over other partitioning methods because little or no disturbance to

the ecosystem is required (Sakata et al., 2007; Hanson et al., 2000; Rochette et al.,

1999). Further, with recent advances in spectroscopy and automated chamber sampling

techniques, continuous measurement of 13CO2 is possible, allowing for high resolution

analysis of FR source variability. The main disadvantages of using the stable isotope

method are that it is both expensive and effective only when the isotopic composition of

Fa is significantly different than the isotopic composition of Fh. This requirement limits

the number of potential ecosystem types where this method can be applied (Hanson et al.,

2000).

Agricultural ecosystems growing in C3/C4 rotation provide an excellent opportunity

to partition FR using the stable isotope method (Drewitt et al., 2009; Griffis et al.,

2005, 2004a; Rochette et al., 1999). This method is effective because of the distinct

isotopic signatures of C3 (i.e. Glycine max) and C4 (i.e. Zea mays) plants that result

due to differences in isotopic discrimination during photosynthesis. Before atmospheric

CO2 is assimilated by plants via the Calvin Cycle (C3) or the Hatch-Slack Cycle (C4),

diffusion of CO2 through the leaf stomata results in a kinetic fractionation effect of about

4.4h (Cerling et al., 1991; Farquhar et al., 1989). Once CO2 has passed through the

stomata of a C3 plant, a net isotopic fractionation of approximately 28h occurs due

to the carboxylation of the CO2 acceptor ribulose-1,5-bisphosphate (rubisco) (Billmark
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and Griffis, 2009; Farquhar et al., 1989). Rubisco carboxylation forms two molecules of

3-phosphoglycerate, which is reduced to form a simple carbohydrate. Rubisco is then

regenerated, allowing for continued perpetuation of the Calvin cycle (Taiz and Zeiger,

2002). The net result of the discrimination processes acting during C3 photosynthesis

creates a distinct isotopic signature in the plant ranging from -28 to -25h (Farquhar

et al., 1989).

After CO2 has passed through the stomata of a C4 plant, carboxylation of phospho-

enolpyruvate (PEP) in the mesophyll cells causes an isotopic discrimination of approxi-

mately -5.7h (Figure 1) (Farquhar et al., 1989). PEP-carboxylation creates a C4 acid,

such as malate or aspartate, that is transported to the bundle sheath cells where it is

decarboxylated. CO2 generated in the bundle sheath cells is reduced to carbohydrates

through rubisco carboxylation, creating an additional net isotopic fractionation of 28h.

About 20 to 50% of CO2 produced in the bundle sheath cell will leak out into the meso-

phyll cell and be refixed by rubisco. Variation in leakage (φ) amounts is largely dependent

on anatomical characteristics of the leaves as well as the mesophyll and bundle sheath

activities (Zhang et al., 2006; Evans and von Caemmerer, 1996). The Hatch-Slack Cycle

is completed when pyruvate or alanine, produced during the decarboxylation of the C4

acid, is transported back to the mesophyll cells where it aids in the regeneration of the

CO2 acceptor PEP (Taiz and Zeiger, 2002). The discrimination processes acting during

C4 photosynthesis create a more enriched isotopic signature relative to the C3 pathway,

with typical plant values ranging from -14 to -11h (Farquhar, 1983).

Recently, post-photosynthetic fractionation has been identified and associated with
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Figure 2.1: Schematic of the main steps involved in the C4 photosynthetic pathway. The
parameter φ is the amount of CO2 that leaks out of the bundle sheath cell to the mesophyll
cell where it can be refixed by rubisco. Typical values of φ range between 0.2 and 0.5.

transport of organic matter throughout the plant (Gessler et al., 2008; Kodama et al.,

2008; Gessler et al., 2007; Hobbie and Werner, 2004) and during dark respiration (Klumpp

et al., 2005; Ghashghaie et al., 2001; Duranceau et al., 1999). Gessler et al. (2008)

found a strong diurnal pattern showing newly produced and exported leaf organic matter

and phloem sap sugars relatively enriched during the daytime and depleted during the

nighttime. Other studies have shown that the δ13C signature of CO2 respired by leaves in

the dark is enriched relative to the respiration substrate (Wingate, 2008). CO2 emitted

during dark root respiration, however, does not show consistently strong enrichment and
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has even shown a slight depletion relative to the respiration substrate (Badeck et al., 2005;

Klumpp et al., 2005). Klumpp et al. (2005) showed that the fractionation associated with

leaf respiration is balanced by fractionation during root respiration, resulting in a low

net fractionation of about 0.7h for total Fa. While the primary drivers of this isotopic

variation are still unclear, post-photosynthetic fractionation is clearly an important factor

that needs to be considered when utilizing carbon isotopes as tracers of carbon fluxes

through an ecosystem.

In addition to biological factors, non-biological factors have been shown to influence

the isotopic composition of CO2 released at the soil surface (Bowling et al., 2009; Millard

et al., 2008). While CO2 transport within the soil profile is primarily diffusive, gusts

and turbulence at the surface have been shown to promote soil efflux by increasing the

concentration gradient at the soil-atmosphere interface (Luo and Zhou, 2006). Turbulence

can affect the isotopic composition of soil CO2 in multiple ways. First, wind and turbulence

at the surface aids in the invasion of atmospheric CO2 into the upper several cm of

the soil profile (Luo and Zhou, 2006). The CO2 forced into the soil pore spaces by

turbulence is generally more enriched in 13CO2 than CO2 produced in the soil by roots

and microbial activity. This “invasive” flux of atmospheric CO2 gets re-released to the

atmosphere primarily by diffusion but turbulence likely affects transport of this invasive

CO2 as well. Second, wind and turbulence at the surface have been shown to increase soil

water evaporation (Hanks and Woodruff, 1958). By increasing evaporation, air porosity

in the upper portion of the soil profile also increases, allowing more atmospheric CO2 to

invade the upper soil and cause an overall enrichment of soil CO2 released at the surface
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(Millard et al., 2008).

Several studies have examined the influence of the invasion flux on the isotopic compo-

sition of soil CO2. Millard et al. (2008) found that dry, porous soils were highly susceptible

to infiltration of atmospheric CO2. Susfalk et al. (2002) observed an isotopic enrichment

of 6h for CO2 in the upper soil relative to soil CO2 measured at depth due to the presence

of the invasion flux. Also, Bowling et al. (2009) found that strong winds caused a deple-

tion in the isotopic composition of CO2 in a snowpack by flushing out diffusively enriched

CO2 in the upper snow. Variability in wind gusts and turbulence may cause variability in

the CO2 exchange rate at the soil-atmosphere interface. This could become problematic

using chamber sampling techniques that rely on the assumption that CO2 exchange be-

tween the soil and atmosphere is constant in time, thus reaching a steady state. When this

exchange rate is not constant in time due to turbulence or other non-biological processes,

conditions are considered non-steady state. Under non-steady state conditions, chamber

measurements of the isotopic composition of soil efflux may not completely represent bi-

ological sources. Instead, chamber measurements under non-steady state conditions are

likely a combination of biological and non-biological sources. This condition was observed

by Susfalk et al. (2002) who found difficulty in partitioning the biological sources of soil

respiration using the isotope method during periods of non-stationarity.

While the utilization of 13CO2 as a tracer of FR source components has gained re-

cent attention, few studies have examined the main factors driving diurnal and seasonal

variability in δR. This problem is especially true for CO2 efflux at the soil surface, which

is strongly influenced by vegetation, microbial activity, and atmospheric conditions with
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significant variability associated with each component. Previous partitioning studies have

relied mostly on flask sampling and mass spectrometry laboratory analysis, limiting tem-

poral resolution (Zhang et al., 2006). However, with advances in automated sampling

systems capable of measuring the isotopic composition of FR, the primary environmental

controls on FR and δR can be examined in greater detail. Two fundamental questions

pertaining to ecosystem respiration will be explored in this study. First, how much does

the isotopic composition of ecosystem respiration vary both seasonally and diurnally and

what are the main factors controlling this variability? Second, can recent advances in

automated sampling systems help produce reliable δR values on the seasonal and diurnal

time scales? To address these fundamental questions, flux-gradient and chamber data

from an agricultural ecosystem and chamber data from a climate controlled greenhouse

experiment were used to examine the factors controlling temporal FR and δR variation.

Specifically, this study: 1) examined 6 years of flux gradient data to determine the main

factors influencing seasonal variation in δR, 2) use automated chambers to investigate

biological and non-biological factors controlling temporal variability in the isotopic com-

position of CO2 released at the soil surface, and 3) utilize the stable isotope method

to partition FR into its autotrophic and heterotrophic components during early to peak

growth of a corn growing season.
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2.2 Methodology

2.2.1 Study Sites

Field research was conducted at the University of Minnesota Rosemount Research and

Outreach Center (RROC), located 25 km south of St. Paul, MN. Micrometeorological,

chamber, and stable isotope measurements were made in a 17 ha homogeneous agricultural

field for the 2004 to 2009 field seasons. The soil is a Waukegan silt loam with a relatively

high organic carbon content (2.6%) underlain with a thick layer (> 20 m) of coarse sand

and gravel deposited by glacial outwash (Baker and Griffis, 2005; Griffis et al., 2004a). The

field site has been in agricultural production for 125 years with pre-settlement vegetation

consisting of upland dry prarie (Griffis et al., 2005). Prior to the 2002 growing season,

the field was in corn production for four consecutive years. Since 2002, the field has been

in an annual corn/soybean rotation.

Field measurements were supported by an experiment examining the controls on FR

and δR variability at the University of Minnesota Plant Growth Facility, located on the

St. Paul campus. Here, a fully automated chamber system was employed in a climate

controlled greenhouse for a 25 day period during the winter of 2009. A combination of

electric heaters, overhead vents, and exhaust fans controlled the greenhouse temperature

within a range of 2 ◦C of the set point. Lighting was supplied by forty 800 Watt sodium

halide bulbs evenly spaced throughout the greenhouse.
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2.2.2 Ecosystem scale observations

Eddy covariance method

Eddy covariance (EC) was used to measure net ecosystem exchange (FN) over the course

of the corn and soybean growing seasons (Baker and Griffis, 2005). The EC system

consisted of an infrared gas analyzer (LI7500, LiCor, Lincoln, NE) that was coupled with

a three dimensional sonic anemometer (CSAT 3, Campbell Scientific Inc., Logan, UT).

These instruments were mounted on a boom that was adjusted according to changes in

the height of the crop (Baker and Griffis, 2005). Following Reynolds decomposition and

averaging, FN was determined from

FN = ρaw′c′ + Sc (2.1)

where ρa is the molar density of dry air and w′c′ is the mean covariance between vertical

wind velocity (w) and the total CO2 molar mixing ratio (c) over a 30 minute time period.

Sc is the rate of change in total CO2 storage between the ground and the EC measurement

height (Griffis et al., 2008). The overbar symbol indicates the measurement was time

averaged and the prime symbol indicates the deviation from the calculated mean.

Climatological measurements

For the 2004 through 2009 growing seasons, soil temperature was measured at depths of 5

and 10 cm using a Type E thermocouple (chromel - constantan) and surface temperature

was measured with an infrared thermometer. A TDR100 (Campbell Scientific Inc., Logan,
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UT) was used to measure half-hourly soil water content at the 10 cm depth, although

only data from the 2005, 2006, 2007, and 2009 growing seasons was available at the time

of analysis. Other climatological parameters, including wind speed, frictional velocity, and

net radiation, were measured on a nearby tower approximately 3 m above the soil surface.

Unless otherwise stated, all measurements for this study were averaged on the half-hourly

time scale.

Isotopic composition of ecosystem respiration

Mixing ratios of the stable isotopes 12CO2 and 13CO2 were measured at two sampling

inlets within the agricultural field site at RROC. Each inlet was mounted on a tower

and consisted of a Swagelok inline filter that was heated and contained a brass critical

flow orifice that controlled the flow rate at 0.260 L min−1 (Griffis et al., 2007). The

two sample inlets were positioned at approximately 1 m (z1) and 2.5 m (z2) above the

roughness sublayer, respectively. Sample inlets z1 and z2 were adjusted throughout the

growing season to maintain a constant distance above the height of the canopy. Air

sampled at the inlets was pulled to an instrument trailer at the edge of the field site using

Synflex tubing (Synflex Type 1300, Aurora, OH, USA). The sample lines were connected

to a custom made manifold which controlled air flow into a tunable diode laser (TDL,

TGA100, Campbell Scientific, Logan, UT, USA). The mixing ratios of 12CO2 and 13CO2

were measured using TDL spectroscopy (Griffis et al., 2004b; Bowling et al., 2003). Each

sample line was measured for 45 seconds, with the first 7 seconds omitted for pressure

equilibration and the remaining 38 seconds averaged as the mean of the 3 minute period
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(Griffis et al., 2004b; Bowling et al., 2003). Each calibration gas was measured for 30

seconds, with data omission and averaging similar to sample line measurements (Griffis

et al., 2007).

The flux gradient method was used to estimate δR (Griffis et al., 2004a). Briefly, δR

was obtained using

13FR

12FR

=
−13Kc(ρa/Ma)(d13CO2/dz)

−12Kc(ρa/Ma)(d12CO2/dz)
(2.2)

where 13FR and 12FR represent the 13CO2 and 12CO2 respiratory flux, respectively, Kc is

eddy diffusivity, ρa is the average density of dry air, Ma is the molar mass of dry air, and

d13CO2/dz and d12CO2/dz represent the time averaged gradients of 13CO2 and 12CO2,

respectively, between sample inlets z1 and z2.

By assuming similarity of Kc, ρa, and Ma between 13CO2 and 12CO2, the isotopic flux

ratio can be expressed in delta notation as

δR = (
d13CO2/d

12CO2

RV PBD

− 1) × 1000 (2.3)

Drewitt et al. (2009) demonstrated that the assumption of similarity between 13Kc and

12Kc may not hold over prolonged sampling events. For this study, the differences between

δR values with and without 13Kc and 12Kc included were negligible (<0.4h). Further,

uncertainty in the δR value increased by about 0.2h when 13Kc and 12Kc were included

in the calculation. For these reasons, we decided not to include the 13Kc and 12Kc terms

in Equation 3.
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In this study, the average δR value was calculated by plotting nightly (2200 to 0400

hours) d13CO2/dz values against d12CO2/dz values. A geometric, Type II linear regression

fit this ratio and the slope of this linear fit represented the average nightly d13CO2/d12CO2.

The nightly average δR value was then calculated by inserting the slope of this linear fit

into equation 3. Values of δR were highly sensitive to variation in the slope of the linear

fit. For example, a variation of 0.00001 in the slope causes the δ value to vary by 0.894h.

Due to this high sensitivity, linear fits with a coefficient of determination (r2) less than

0.9995 were rejected from the analysis to limit uncertainty in the δR value. To isolate the

isotopic composition of ecosystem respiration (FR) from the isotopic composition of FN ,

only periods of photosynthetic inactivity were used. This limited the data analysis to well

mixed (u∗ > 0.1 ms−1), nighttime conditions for the 2004 through 2008 growing seasons.

Isotopic composition of soil respiration

An automated, non-steady state chamber system was deployed at the G21 research field

during the summer of 2009 to examine variability in soil FR and δR (Figure 2a). The

chamber system used for this study was designed by the Biometeorology and Soil Physics

Group at the University of British Columbia and consists of six fully automated, flow

through chambers capable of measuring fluxes of CO2 and water vapor (Gaumont-Guay

et al., 2006). For this study, two chambers were utilized with the other four deployed for

other experiments. Each chamber dome was made of clear acrylic and measured 0.06 m3

with an inner diameter of 0.53 m.

Chamber domes were closed using compressed air supplied by an electric air compressor
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(a) (b)

Figure 2.2: a) Automated chamber deployed at RROC during the 2009 corn growing
season. Chamber is equipped with a metal skirt to prevent infiltration of ambient air
due to turbulence and a reflective cover to maintain a constant air temperature during
sampling. b) Automated chambers attached to 200 L soil columns of soil in a climate
controlled greenhouse.

(Powermate, Model VPP0301104, Long Grove, Ill). Closure of the chamber domes was

controlled by a 12 Vdc solenoid valve mounted to the back of each chamber. Upon

closure, a small fan inside the chamber headspace was activated to ensure air was well

mixed during sampling. A portable data acquisition module (Iotech PDQ56, Cleveland,

Ohio, USA) and a personal computer were used to record all chamber signals, including

CO2 and H2Ov concentrations and thermocouple temperatures.

Synflex tubing (Type 1300) carried air from the sample inlet to a custom made manifold

that controlled sampling to a Li-Cor 840 IRGA (Li-Cor Inc., Lincoln, NE, USA). After air

from the sample line was analyzed by the IRGA, a vacuum pump (Model NMP850KNDCB,
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Figure 2.3: Schematic of the automated chamber system with TDL for isotopic analysis
of CO2 efflux.

KNF Neuberger Inc., Trenton, New Jersey, USA) returned the air back to the chamber

headspace in a separate line of Synflex tubing (return line) (Figure 3). The bulk flow rate

through the chamber system was set at 4 L min−1 with a subsample flow through the IRGA

set at 1 L min−1. Sampling frequency and length of individual sampling events were set

to 15 minutes and 300 seconds, respectively. The individual sampling time was optimized

to accurately measure the rate of isotopic mixing ratio change inside the chamber while

minimizing chamber effects that can reduce the flux during prolonged sampling events

(Wagner et al., 1997).

The chambers were positioned 6 m apart and 20 m from the north edge of the G21
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research field. Chambers were placed within the same corn row about 30 cm from the

nearest corn plants. No vegetation was allowed to grow within the chambers. Chambers

were equipped with a metal skirt placed around a rubber seal made of ethylene propylene

diene terpolymer (EPDM) to minimize infiltration of ambient air due to wind gusts.

Covers made of reflective insulating material (Refletix, Markleville, IN, USA) and mylar

tape were placed on the chambers to reduce the increase of air temperature within the

chamber headspace during sampling (Bavin et al., 2009). With the reflective covers in

place, chamber air temperature increased 0.6 ◦C during a single sampling event.

The isotopic composition of soil respiration was measured by incorporating the TDL

into the automated chamber system. The TDL sample line was plumbed into the chamber

system sample line just before entry into the IRGA. Air flow from the chamber system to

the TDL was set at 1.48x10−4 mol s−1 (200 mL min−1). TDL sampling of chamber air

was not continuous. Instead, the TDL sampled chamber air for 4 discrete, 15 seconds

intervals during a single 300 second chamber closure. These four TDL sampling events

were aggregated and a best fit linear regression was used to calculate the isotopic fluxes.

Chamber air analyzed by the TDL was not returned to the chamber. Therefore, N2 gas

flowing at 1.48x10−4 mol s−1 (200 mL min−1) was added to the chamber return line. This

procedure ensured that TDL sampling did not create a pressure drop inside the chamber.

Replacement of air sampled by the TDL with N2 gas caused a dilution of the chamber

CO2 concentration (Fdil), causing a slight underestimation of the flux measurement. Fdil

was estimation using
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Fdil = −
(C0 −

C0(VT−VN2
)

VT
)PVT

tATR
(2.4)

where C0 is the CO2 concentration inside the chamber at the start of sampling (approx-

imately 380 µmol mol−1), VN2
is the volume of gas supplied to the chamber after an

entire sampling event (0.001 m3), VT is the total volume of the chamber (0.06 m3), P is

atmospheric pressure (98 500 Pa), t is the duration of the sampling event (300 seconds),

A is the surface area of the chamber (0.216 m2), T is the air temperature (293 K), and

R is the gas constant (8.3144 m3 Pa K−1 mol−1). Using this equation, the theoretical

Fdil value was calculated as -0.21 µmol m−2 s−1 and was confirmed by zero testing of the

chamber system. This offset was added to each flux measurement. Since the gas supplied

to the chamber did not contain CO2, it is assumed that this correction procedure affected

13CO2 and 12CO2 similarly.

Measurements of soil δR were calculated using

xFR =
PV xdCO2/dt

ATsR
(2.5)

where xFR is the net exchange of the isotopologues 12CO2 and 13CO2 (in µmol m−2 s−1),

Ts is the soil temperature at the 5 cm depth (K), and xdCO2/dt is the change in the

isotopomer concentration over time (µmol mol−1 sec−1). A typical chamber measurement

of 12CO2 and 13CO2 is shown in Figure 4. For this study, sign convention indicates a

positive flux leaving the surface and a negative flux directed toward the surface. A best fit

linear regression was used to determine the rate of isotopic concentration change within
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Figure 2.4: Typical chamber measurement of the mixing ratios a) 13CO2 and b) 12CO2

during a sampling event. For this sample, the isotopic ratio of FR was -17.94h.

the chamber headspace during a single sampling event. Assuming P , A, V , R, and Ts

are similar for 13CO2 and 12CO2, the isotopic flux ratio simplifies to

13FR

12FR

=
13dCO2/dt
12dCO2/dt

(2.6)

and is expressed in delta notation using equation 3. To ensure accurate examination of

the isotopic composition of FR, linear regressions with an r2 coefficient less than 0.95 were

excluded from the analysis. For each chamber measurement, the first and last 15 seconds

were omitted from each sampling event to eliminate potential contamination of sample air

from other chamber measurements. Filtering applied to chamber measurements was much

less stringent than filtering applied to flux-gradient measurements because the signal to

noise ratio of the chamber system was much better than that of the flux-gradient system.
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2.2.3 Growth chamber methodology

Two automated chambers were deployed in a climate controlled greenhouse at the Uni-

versity of Minnesota Plant Growth Facility (Figure 2b). Each chamber was fitted to a

200 L PVC soil column with approximately 260 kg of soil from the RROC G21 study

site. The soil profile at RROC was replicated inside each column in order to maintain

continuity between the field and greenhouse experiments. However, we acknowledge that

disturbance of the soil matrix likely caused changes in the bulk density, soil water content,

and tortuosity values of the soil column which may impact the processes being studied.

Continuous sampling of soil FR, δR, soil and air temperature, and soil water content was

performed for a 25 day period in the greenhouse during the winter of 2009. The diurnal

greenhouse temperature was set to a daytime high of 28 ◦C and a nighttime low of 17 ◦C.

Greenhouse lighting was turned on from 0600 to 2000 hr daily. Watering was performed

every three to four days and averaged about 9.5 mm of water per watering event per

chamber.

The TDL used to measure δR was housed in an adjacent greenhouse bay with a

constant temperature of approximately 18 ◦C to help maintain a stable operating temper-

ature. TDL analysis of chamber air at the Plant Growth Facility was conducted using the

same methodology as at RROC, but with three important differences. First, air flow from

the chamber system to the TDL was set at 3.72x10−4 mol s−1 instead of 1.48x10−4 mol

s−1 to diminish a lag created by a 5 m gap between the TDL and the chamber system.

This increased the amount of N2 gas that was injected into the chamber return line from

1.48x10−4 mol s−1 to 3.72x10−4 mol s−1. As a result, this increased the negative flux
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associated with dilution of the chamber CO2 concentration from -0.21 to -0.59 µmol m−2

s−1. Second, individual sampling events were set to 210 seconds instead of 300 seconds

to accommodate additional chamber experiments. Third, TDL sampling of chamber air

was continuous instead of in discrete, 15 second events. To avoid contamination, the first

and last 15 of each sampling event were omitted, leaving 180 seconds of continuous data

to calculate xdCO2/dt.

2.2.4 Partitioning ecosystem and soil respiration

The autotrophic (Fa) and heterotrophic (Fh) components of ecosystem respiration (FR),

as well as their isotopic signatures, can be written based on the mass balance principle

FR = Fa + Fh (2.7)

δRFR = δaFa + δhFh (2.8)

where δR, δa, and δh are the carbon isotope signatures of FR, Fa, and Fh, respectively.

The values of δh at RROC and at the Plant Growth Facility were defined differently. At

RROC during the 2009 corn growing season, δh was given a value of -22h, 4h lighter

than the average isotopic composition of SOC (δSOC) (Griffis et al., 2005). The value

given to δh was based on nighttime flux-gradient and chamber values at the time of

corn planting and accounts for the presence of soybean residue from the previous growing

season. At the Plant Growth Facility, δh could be measured directly due to the absence

of vegetation in the bare soil chamber plots. A value of -12h was given for soil δa
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during the corn growing season at RROC. The value assigned to soil δa is equal to the

average photosynthetic discrimination of a C4 plant. Several studies have shown that

leaf respiration in the dark is enriched relative to the respiration substrates (Wingate,

2008). Fractionation associated with root respiration, however, is not well understood.

While there is evidence suggesting a depletion in root respiration relative to the respiration

substrates (Badeck et al., 2005), a consensus has not been reached and because of the lack

of consensus no correction in soil δa was applied in this study. In order to assure chamber

efflux values represented biological sources (FR), only measurements during stable (u∗ <

0.15 m s−1), nighttime (2200 to 0400 hr) conditions were used. This limited the analysis

to periods when diffusive transport of CO2 dominated in the upper soil profile and the

invasion flux of atmospheric CO2 was minimal.

2.3 Results

2.3.1 Climate and phenology

Nightly average soil temperature (Ts, 5cm depth) is shown in Figure 5a for the 2004

to 2009 growing seasons at RROC. Although winter thaw varied from year to year, the

annual Ts pattern was relatively consistent, reaching a maximum of 25◦C around Day of

Year (DOY) 200 (July 19). Volumetric soil water content (θ, 10 cm depth) for the 2005,

2006, 2007, and 2009 growing seasons (water content data for 2004 and 2008 was not

available) is shown in Figure 5b. Values of θ were highest in early spring after winter thaw

and frequent rain events, ranging from 0.3 to 0.4 m3 m−3 (units indicate volume of water
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Figure 2.5: a) Nightly averages of soil temperature at the 5 cm depth for the 2004 to
2009 growing seasons. b) Nightly averages of soil water content at the 10 cm depth for
the 2005 through 2007 growing seasons. A prolonged dry period from DOY 185 to 220
during the 2007 growing season (red line) limited photosynthetic uptake and decreased
nighttime FR during this period.

per total volume of the soil matrix). During the early to mid summer (DOY 130 to 180),

θ was variable year to year, ranging from 0.20 to 0.35 m3 m−3. Due to high temperatures

and a lack of rain in the mid to late summer (DOY 180 to 230), θ became relatively low

in all years and was generally <0.20 m3 m−3. Lower temperatures and more frequent rain

events increased θ in the fall to a range of 0.25 to 0.35 m3 m−3.

Phenological changes in the corn and soybean plants had a major influence on net CO2

exchange (FN) within the agricultural ecosystem. The average planting date during a corn

season occurred around DOY 120 (May 1) with leaf emergence around DOY 140. EC

data shows that FN became negative by about DOY 160, meaning that the photosynthetic

uptake of CO2 from the corn (FP ) was greater than the efflux of CO2 by the corn and soil
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Figure 2.6: Eddy covariance data showing a) daytime averages of FN (1000 to 1600
hr) and b) nighttime averages of FR (2200 to 0400 hr) for the 2004 through 2009 corn
(circles) and soybean (inverted triangles) growing seasons.

(FR) (Figure 6a). Peak FP occurred from approximately DOY 175 to 225. As a result, the

most negative values of FN were observed during this time period with values below -50

µmol m−2 s−1 during the 2005 and 2009 growing season. A prolonged dry period during

the 2007 growing season (DOY 180-225) limited FP , causing FN to be less negative than

in 2005 and 2009 at approximately -25 to -15 µmol m−2 s−1. After peak growth in all

growing seasons, the corn plants transitioned from the silking and blister reproductive

stages (DOY 210 to 225) to physiological maturity (DOY 225 to 255), causing FN to

gradually become less negative (-20 to -10 µmol m−2 s−1) due to reduced FP .

Soybean planting occurred about 25 days after the average corn planting at about

DOY 145 (May 25). As a result, net uptake of CO2 occurred much later in the growing

season at DOY 175 with peak growth from DOY 200 to 240. Daytime FN during peak
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growth was much less than in corn years, reaching -25 µmol m−2 s−1. After peak growth,

the soybeans entered physiological maturity (DOY 250 to 270). FN became less negative

during this period due to diminished rates of FP , ranging from -15 to -10 µmol m−2 s−1.

Nighttime FR (2200 to 0400 hr) steadily increased after leaf emergence and reached

11.9 µmol m−2 s−1 on DOY 228 and 12.5 µmol m−2 s−1 on DOY 221 of the 2009 and 2005

corn growing seasons, respectively (Figure 6b). In both growing seasons, adequate soil

water content from DOY 180-225 allowed for rapid growth of roots and shoots, causing

high Fa. In addition, rising Ts and increasing amounts of root exudates likely increased

microbial activity, causing increased Fh. Peak FR lagged peak FP and nighttime Ts by

approximately 10 to 15 days during the 2009 and 2005 growing seasons, corresponding

to the silk and blister reproductive stages (R1 and R2, respectively) when kernels develop

and enter rapid growth. During the 2007 corn growing season, nighttime FR reached 11.7

µmol m−2 s−1 on DOY 204. Low soil water content after this point to DOY 225 inhibited

FP , resulting in limited rates of Fa from the corn plants. Average nighttime FR during

this period was between 5 and 8 µmol m−2 s−1. After DOY 225, frequent rain events

and lower Ts raised soil water content, resulting in higher Fa with a peak of 11.2 µmol

m−2 s−1 on DOY 250. Nighttime FR values after DOY 250 to harvest (DOY 285) were

similar for the 2005 and 2007 corn growing seasons, ranging from 2 to 6 µmol m−2 s−1.

The FR pattern varied among soybean seasons, peaking as early as DOY 200 in 2008 at

7.1 µmol m−2 s−1 and as late as DOY 240 in 2004 at 6.8 µmol m−2 s−1. No discernible

pattern was observed between peak FR and peak FP during soybean growing seasons.

Seasonal variation in peak FR appeared to be influenced more by temperature and soil
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moisture than Fa, likely due to less above-ground biomass during soybean growing seasons

that during corn growing seasons. In 2004, a late season warming from DOY 230 to 250

coincided with peak FR. In 2006, peak FR occurred during the R1 (beginning bloom)

through R4 (full pod) reproductive stages when autotrophic respiration is usually highest.

Peak FR occurred earlier in 2008 than in prior growing seasons. This may be due to dry

soil conditions from DOY 220 to 250 which caused limited FP and soil microbial activity,

resulting in decreased autotrophic and heterotrophic respiration.

2.3.2 Diurnal and seasonal variation in soil respiration

Soil respiration (FRS
) was measured with two automated chambers (from now on referred

to as chambers C-1 and C-2) beginning on DOY 140 and ending on DOY 220 (early to peak

growth) of the 2009 corn growing season. Chamber measurements concluded prematurely

due to damage suffered from a lightning strike on DOY 220. From DOY 140 to 155 (May

20 to June 4), FRS
was predominantly heterotrophic and exhibited a consistent diurnal

pattern, with daytime values ranging from 3.4 to 4.0 µmol m−2 s−1 and nighttime values

ranging from 1.0 to 1.5 µmol m−2 s−1 (Figure 7a). Data from both chambers indicated

that FRS
slightly lagged surface temperature but showed a strong overall correlation (r2

> 0.93) during early growth (Figure 7b). Soil temperature lagged FRS
at lower depths,

showing significant hysteresis (Figures 5c-d) (Gaumont-Guay et al., 2006).

High amounts of precipitation occurred from DOY 157 to 160 which saturated the

upper soil and lowered O2 availability for soil microbes and corn roots. As a result, FRS

was low during this period, with values generally between 1.0 to 1.5 µmol m−2 s−1. Once
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Figure 2.7: Figure showing the diurnal ensembles of soil respiration (FRS
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ship between surface temperature, 5 cm soil temperature, and 10 cm temperature during
early growth (Panels a-d) and peak growth (Panels e-h) for the 2009 corn growing season
at RROC. All diurnal ensembles represent 15 days of continuous data from either DOY
142 to 157 during early growth or DOY 179 to 194 during peak growth. The black squares
represent values from chamber C-1 while blue circles represent values from Chamber C-2.

the upper soil became unsaturated, FRS
spiked to over 8.0 µmol m−2 s−1 on DOY 162.

This indicates that CO2 production in the soil was limited by diminished amounts of O2

during saturated conditions. In addition, soil saturation near the surface may have also

suppressed diffusive transport of CO2 out of the soil column. Similar spikes in FRS
were

also observed after rain events on DOY 172, 178, and 202 of the 2009 growing season.

As the corn entered rapid development on about DOY 175, soil respiration gradually

increased, with daytime FRS
reaching 3.4 and 4.9 µmol m−2 s−1 for chambers C-1 and

C-2, respectively, during peak growth. We hypothesize that increased FRS
was caused by

elevated rates of root respiration and microbial consumption of root exudates from the
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nearby corn plants. Nighttime values also increased from early to peak growth, averaging

2.8 µmol m−2 s−1 for chamber C-1 and 3.8 µmol m−2 s−1 for chamber C-2 (Figure 7e).

While FRS
continued to show a strong correlation with surface temperature (r2 > 0.95),

FRS
showed a greater correlation with soil temperature at the 5 cm depth during peak

growth (r2 = 0.85) than during early growth (r2 = 0.65) (Figures 6f-h). Assuming that

temperature is a major factor driving FRS
variation, this correlation indicates that CO2

production increased at the 5 cm depth as the growing season progressed (Gaumont-Guay

et al., 2006). Variability in near-surface soil moisture (θ) also affected FRS
during peak

growth, causing declines in respiration when θ was either very low or very high. FRS

lagged photosynthetically active radiation (PAR) by 2 to 3 hours and showed a poor

overall correlation (r2 > 0.3) during peak growth (not shown). This poor correlation was

expected, however, due to the lag associated with the flow of fresh carbohydrates from

the leaves to the roots (Baldocchi et al., 2006).

FRS
from chamber C-2 was consistently 1 to 2 µmol m−2 s−1 higher than FRS

from

chamber C-1 from DOY 180 until the end of chamber sampling on DOY 220. Although

the two were placed within the same corn row and only 6 m apart from one another, we

hypothesize that chamber C-2 was more heavily influenced by root respiration from the

surrounding corn plants. The nearest corn plants to chamber C-2 were 10 and 25 cm

away from the outer wall of the chamber, while the nearest corn from chamber C-1 was

20 and 40 cm away from the outer wall of the chamber. The deviation in soil FRS
values

between the two chambers began as the corn entered rapid development and autotrophic

respiration increased.
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2.3.3 Seasonal variation in the isotopic composition of respiration

Flux-gradient measurements revealed major shifts in nighttime δR during the course of the

corn and soybean growing seasons at RROC (Figure 8). As Fa began to increase during

the early stages of peak growth, the δR signal began to shift, carrying a strong C4 signal

during corn growing seasons and a strong C3 signal during soybean growing seasons. Peak

enrichment varied during the corn growing seasons. In 2007, δR reached -11.5h on DOY

200, corresponding to peak nighttime FR when growth respiration from the corn was at

its highest. Near drought conditions until DOY 225 limited FP , causing diminished Fa

and a depletion in the overall δR signal. Nighttime δR values ranged from -18 to -14h

during this time. In 2009 and 2005, adequate soil water content during crucial early

vegetative and reproductive stages allowed for a longer peak growth period and more

vigorous growth. As a result, δR during the 2005 and 2009 growing seasons reached peak

enrichment about 10 and 30 days after peak enrichment in 2007, respectively. A gradual

depletion in δR was observed as the corn entered senescence with values ranging from -19

to -14h until harvest on about DOY 280.

Although data are limited during the winter and early spring following corn growing

seasons, δR was variable but slightly enriched relative to the average isotopic composition

of SOC (δSOC), which is about -18h. Values of δR generally ranged from -20 to -15h

during this period and indicate that decomposition of corn residue made available after

harvest contributed to total FR, although less than expected considering residue was

ample. Values of δR showed gradual depletion through spring to early summer just prior

to soybean planting with values between -24 to -19h, suggesting a decreased contribution
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Figure 2.8: Nightly values of δR for the 2004 to 2009 corn (circles) and soybean (inverted
triangles) growing seasons. The dashed line at -18h represents the average isotopic
composition of soil organic carbon at RROC.

from the decomposition of corn residue. The δR values observed during the winter and

spring after corn harvest at RROC are similar to those observed by Drewitt et al. (2009)

and emphasize the significant influence of labile crop residue on the isotopic composition

of δR during non-growing season conditions.

As the soybean plants developed, δR gradually became depleted from -22 to about

-18h due to increased Fa. After DOY 190, δR was highly variable in all soybean growing

seasons but exhibited a strong C3 signal, ranging from -28 to -21h. The high variability

in δR coincided with variability observed in FR during the mid to late stages of the soybean

growing seasons. From spring to early summer following soybean growing seasons (winter

data were not available), δR was variable but showed a strong C3 signal, ranging from -26

to -20h. This indicates that decomposition of soybean residue from the previous growing
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season remained strong after winter.

Data from chambers C-1 and C-2 indicated a seasonal shift in soil δR from early to

peak growth during the 2009 corn growing season (Figure 9b). During early growth,

nightly average soil δR values from both chamber plots ranged between -24 to -20h. As

the corn entered rapid development at about DOY 165, soil δR gradually enriched due

to increased contribution of root respiration. Values from chamber C-2 were generally 1

to 3h more enriched than C-1 after DOY 165 due to the closer proximity of corn plants

to the outer wall of chamber C-2. Values of δR reached -19.5 and -17.2h on DOY 172

and -18.0 and -15.5h on DOY 190 from chambers C-1 and C-2, respectively. Nightly

flux-gradient measurements were generally 1 to 4h more enriched than chamber values

during this period. We hypothesize this is due to the addition of 13C-enriched above
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ground respiration from the corn leaves and shoots which the chambers were not able to

account for.

Soil FR was partitioned into its autotrophic and heterotrophic components from early

to peak growth using Equation 8. The ratio of belowground autotrophic respiration (Fra)

to total FR is shown in Figure 9c. Measurements from the two chambers were averaged

with error bars indicating the range between chamber values. From DOY 155 to 170

(approximately 35 to 50 days after planting), Fra was variable but generally accounted for

15 to 30% of the total FR. As the corn entered rapid development after DOY 170, Fra

increased significantly, accounting for 30 to 40% of FR from DOY 170 to 180 and about

50 to 60% of FR from DOY 180 to 195. Fra/FR values are slightly lower but similar to

values calculated by Griffis et al. (2005) using the flux-gradient method during early to

peak growth of the 2003 corn growing season. This was expected, however, due to the

addition of above ground respiration using the flux-ratio method.

2.3.4 Diurnal variation in the isotopic composition of soil respi-

ration

Chamber data revealed strong diurnal patterns in the isotopic composition of soil FR (δRS
)

at RROC during the 2009 corn growing season. From DOY 150 to 165 (early growth),

δRS
exhibited a sharp enrichment during the early to late morning, increasing from -23h

at 0600 hr to -16h at 1100 hr (Figure 10a). After 1100 hr, δRS
showed a strong linear

depletion throughout the afternoon and night. In general, the observed morning spike

in δRS
during early growth was most pronounced when the upper soil was dry and soil
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air porosity was relatively high. Under these conditions, variation in morning δRS
(0600

to 1100 hr) showed very strong positive correlations with frictional velocity (r2 = 0.92)

and wind speed (r2 = 0.87), suggesting chamber measurements may have been strongly

influenced by turbulence, pressure perturbations at the surface, and the invasive flux of

atmospheric CO2. The diurnal patterns of FRS
and soil temperature at the 5 cm depth

closely resembled the diurnal pattern of δRS
but was out of phase by 3 to 4 hours, showing

significant hysteresis that increased with deeper soil temperatures (Figures 9b-d). This

relationship indicates the morning spike in δRS
during early growth was non-biological and

not related to shifts in microbial production sources within the mixed C3/C4 soil. Further,

autotrophic respiration (Fa) likely was not a strong contributor to diurnal variation in

δRS
due to the early development of the corn plants during this period. Under saturated

soil conditions during and shortly after rain events, the mid-morning spike in δRS
was

non-existent, with δRS
values ranging from -23 to -20h during this period. Values of soil

isoforcing, defined as the influence of FRS
on the isotopic composition of the atmosphere,

indicate a strong diurnal pattern with the greatest isotopic forcing occurring in the late

afternoon at about -0.0016 m sec−1 h (Figure 10e). This diurnal pattern was expected

due to a relatively high FRS
and a well mixed atmosphere in the late afternoon.

During peak growth, the overall diurnal δRS
pattern became enriched due to the strong

contribution of both root respiration and microbial consumption of root exudates (Figure

11a). Midday values of soil δRS
reached -16.8 and -14.8h for chambers C-1 and C-2,

respectively. Chamber C-2 was consistently 1.5 to 2.5h more enriched than chamber

C-1 during peak growth, suggesting chamber C-2 was more influenced by the surrounding
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Figure 2.10: Figure showing the diurnal ensembles of a) the isotopic composition of
soil respiration (δRS
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days of continuous data from DOY 142 to 157. The black squares represent values from
chamber C-1 while blue circles represent chamber C-2.

vegetation than chamber C-1. Greater FRS
values from chamber C-2 during peak growth

and a closer proximity of corn plants to the outer wall of chamber C-2 support this claim.

Both chambers exhibited a strong diurnal δRS
pattern but with less variability than during

early growth. In addition, peak enrichment of δRS
was shifted two to three hours later

than during early growth, reaching peak enrichment at 1400 hr in both chambers. We

hypothesize that diurnal variability in δRS
during peak growth was more heavily influenced

by biological factors than non-biological factors. Although δRS
showed a strong correlation

to non-biological factors such as wind speed and frictional velocity during peak growth

(r2 = 0.85), this correlation was likely not causal due to the strong sheltering effect by
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the corn plants during peak growth. Soil temperature at the 5 cm depth was much more

strongly correlated with δRS
during peak growth (r2 = 0.52) than during early growth

(r2 = 0.05). Further, δRS
exhibited a similar increase in correlation with FRS

during

peak growth (r2 = 0.78) than early growth (r2 = 0.45). Based on these correlations,

root respiration and microbial consumption of 13C-enriched corn root exudates were the

dominant processes controlling diurnal variability in δRS
during peak growth. Further, the

increased microbial consumption of corn root exudates during peak growth could explain

why peak enrichment of δRS
shifted to mid afternoon when soil temperature and microbial

activity were both high. A strong correlation between FRS
and 5 cm soil temperature (r2 =

0.86) during peak growth supports this hypothesis. Isoforcing values during peak growth

(Figure 11e) became slightly more negative but maintained a similar diurnal pattern to

the diurnal pattern during early growth, with late afternoon values at about -0.0019 m

sec−1 h. Despite an enrichment in δRS
from early to peak growth, a much greater FRS

during peak growth caused the increased isoforcing on the atmosphere by the soil.

Figure 12 illustrates how variation in soil air porosity at the soil surface influences the

isotopic composition of FRS
. From DOY 150 to 155 (early growth), climatic conditions

at RROC were dry and hot, with midday surface temperatures between 38 and 40oC.

Soil water content at the 10 cm depth was 0.27 m3 m−3 with decreasing moisture levels

closer to the surface. FRS
showed a relatively consistent diurnal pattern and δRS

showed

a diurnal pattern similar to Figure 11a, with strong mid-morning enrichment followed by

gradual depletion. Heavy rain events on DOY 157 and 159 saturated the upper soil.

Soil moisture content spiked to over 0.35 m3 m−3 during the rain events and remained
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over 0.3 m3 m−3 until DOY 162. Also, frictional velocity and surface temperature were

both diminished during this period, with surface temperature consistently lower than soil

temperature at the 5 cm depth.

The consistent diurnal δRS
pattern observed under unsaturated soil conditions was

not observed when the soil surface was saturated. Chamber data indicated no discernible

diurnal pattern in δRS
during saturated conditions, with values ranging from -23 to -20h.

Daytime δRS
values during saturated conditions closely matched nighttime δRS

values. Dry

conditions and increasing temperature after the rain event on DOY 159 caused the soil

to gradually become unsaturated by DOY 162. Once unsaturated, exchange between the

soil surface and the atmosphere was restored, causing increased FRS
. Also, the diurnal
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Figure 2.12: Figure showing half hourly measurements of a) soil δRS
and b) soil FRS

for
Chambers 1 (black line) and 2 (blue line) during early growth of the 2009 corn growing
season at RROC. Also plotted are half hourly measurements of c) temperature at the
surface (black line) and at the 10 cm soil depth (red line), and d) soil moisture at the 10
cm depth. Two significant rain events occurred on DOY 157 and 159 which saturated the
upper soil until DOY 162. Diurnal ensembles of δRS

, FRS
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from DOY 150-168 are shown in panels e-f.

δRS
pattern observed before the period of precipitation returned once the soil became

unsaturated, showing strong mid-morning enrichment followed by a gradual depletion.

2.3.5 Growth chamber

Bare soil chamber plots showed very consistent diurnal FRS
patterns in the greenhouse

facility (Figure 13a). FRS
was lowest at 0600 hr shortly before greenhouse lighting was

activated, with values at 3.1 and 3.7 µmol m−2 s−1 for chambers C-1 and C-2, respectively.

Once lighting was activated, FRS
steadily increased until 1500 hr, reaching 5.1 µmol m−2

s−1 in chamber C-1 and 5.9 µmol m−2 s−1 in chamber C-2. The diurnal FRS
maximum
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reached at 1500 hr was maintained until 2000 hr before it sharply decreased throughout the

evening until 0600 hr. Coinciding with this decrease was the deactivation of greenhouse

lighting at 2000 hr and the activation of the programmed nighttime air temperature, set

to 17 ◦C. Soil FRS
from both chamber plots was strongly correlated with soil temperature

at the 5 cm depth (r2 = 0.85) while FRS
lagged surface temperature by two to three

hours (Figure 13d). Watering events significantly impacted soil FRS
in both chambers.

Immediately after water was applied to the soil surface, FRS
would drop to below 2 µmol

m−2 s−1 and would remain diminished for up to 6 hours after watering.

The diurnal δRS
pattern observed in the greenhouse was similar to the diurnal pattern

observed during early growth at RROC (Figure 13b). At night (0000 to 0600 hr), δRS
was
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stable with an average value of -20.1h for chamber C-1 and -19.2h for chamber C-2.

From 0600 to 1300 hr, δRS
sharply enriched, reaching -17.2 and -16.7 h in chambers

C-1 and C-2, respectively. Coinciding with morning enrichment in δRS
was the activation

of the greenhouse lighting and heating systems at 0600 hr. This caused a rapid increase

in the surface temperature of both chamber plots during the mid to late morning before

reaching a maximum at 1400 hr. The δRS
signal from both chamber plots was variable

but gradually depleted throughout the afternoon and evening until stabilizing at 0000

hr. Like at RROC, data from both chambers showed a strong correlation between δRS

and surface temperature (r2 = 0.90), while FRS
and soil temperature at the 5 cm depth

lagged δRS
by 3 to 4 hours, showing significant hysteresis. Like FRS

, δRS
was influenced

by watering events, showing depleted values shortly after water saturated the soil surface.

Although friction velocity was not measured in the greenhouse during this experiment,

activation of the lighting and heating systems at 0600 hr likely caused strong mixing of

greenhouse air both by convection and by activation of large fans used to regulate the

mid-day temperature. At night, the greenhouse lighting was turned off and the ventilation

system was rarely activated, both of which promoted stable conditions. While turbulence

inside the greenhouse was assumed much lower than field conditions, there was likely a

diurnal pattern caused by heating and ventilation that could have created turbulence and

non-stationarity.

Figure 14 illustrates the influence of watering events on FRS
and δR values. At

0.5 days into the experiment, a 9.5 mm watering event to both chamber plots caused

both soil water content at the 10 cm depth to spike from 0.18 to 0.24 m3 m−3 as
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well as the soil surface to become saturated. FRS
values dropped sharply after water

application and remained diminished until the surface became unsaturated. Values of

δR from both chambers depleted after water was applied to the soil surface by 2 to 4h.

After the soil surface became unsaturated at about 1.25 days into the experiment, δR from

both chambers exhibited a diurnal pattern similar to Figure 11a, showing mid-morning

enrichment followed by gradual depletion. This pattern continued until a second watering

event 3.5 days into the experiment. Again, soil water content increased sharply, FRS

dropped sharply, and δR depleted by an average of 2 to 4 h.
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2.3.6 Influence of non-steady state CO2 exchange on chamber

measurement of δRS
during early growth

Chamber and climatological data from the field and greenhouse indicate that daytime

CO2 exchange at the soil-atmosphere interface during early growth was often non-steady

state and influenced by turbulence and soil air-porosity. Non-steady state conditions ap-

pear to be more pronounced during early growth when the soil was directly exposed than

during peak growth when the corn plants sheltered the soil surface from turbulence and

wind gusts. We hypothesize that the enriched daytime values of δRS
observed during

early growth were a chamber artifact caused by non-steady state mixing conditions. En-

richment in δRS
occurred only when both high turbulence and high soil air porosity were

present. When one or neither of these situations existed, the exchange could be consid-

ered steady-state. To test the hypothesis that turbulence and soil air porosity controlled

diurnal variation in the chamber measurement of δRS
during early growth, δRS

values were

filtered to represent only saturated or unsaturated conditions, as well as only turbulent

or non-turbulent conditions. Turbulent conditions were defined as periods when friction

velocity was greater than 0.25 m s−1. Based on soil water and bulk density measurements,

saturated or near-saturated conditions were defined as periods when soil water content

at the 10 cm depth was above 0.30 m3 m−3. The value selected was predicated on the

assumption that soil air porosity significantly decreases above the 10 cm depth of the soil

during or shortly after heavy rain events. When conditions were turbulent but the soil

surface was saturated, mean δRS
from both chambers was close to -21.5h during early

growth at RROC. Similarly, mean values of δRS
from chambers C-1 and C-2 were close
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Figure 2.15: Conceptual model illustrating the influence of steady state and non-steady
CO2 exchange between the soil and atmosphere on the isotopic composition of soil CO2

and FR.

to -21h under both non-turbulent, saturated conditions as well as during non-turbulent,

unsaturated conditions. The only situation where δRS
was relatively enriched was dur-

ing turbulent, unsaturated conditions, with mean values of -18.1h for chamber C-1 and

-17.5h for chamber C-2 (p< 0.001).

A simple conceptual model was created to explain the influence of non-biological

processes on chamber measurement of δRS
(Figure 15). The model, adapted from previous

models developed by Susfalk et al. (2002), Miller et al. (1999) and Cerling et al. (1991),

illustrates how steady state and non-steady state CO2 exchange between the soil and
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atmosphere affect the isotopic composition of both soil CO2 (δCO2
) and soil respiration

(δRS
). The model was designed to represent the soil profile of an agricultural field similar

to the G21 research field at RROC where the average δSOC is about -18h. For simplicity,

this model excluded vegetation and near-surface crop residue, instead focusing on isotopic

influences from non-biological processes. Theoretically, in the absence of CO2 exchange

with the atmosphere, the isotopic composition of soil CO2 is 4.4h more enriched than the

isotopic composition of the source (SOC) due to fractionation during diffusive transport

(Figure 15, Line a) (Cerling et al., 1991). When steady state exchange between soil CO2

and 13C-enriched atmospheric CO2 is incorporated into the conceptual model, δCO2
of the

soil becomes increasingly more enriched as the soil/atmosphere interface is approached

(Figure 15, Line b). The isotopic composition of the source (δS), however, should be

unaffected as long as CO2 exchange between the soil and atmosphere is at a steady state

(Figure 15, Line c).

To examine the effect of non-steady state exchange on the chamber measurement of

δR (Figure 15, Line d), a simple linear relationship was created using

δR = δCh − B
gb,s(δSOC − δa)Caǫ

FCh

(2.9)

where δR is the true isotopic composition of soil respiration (no sampling artifact), δCh

is the chamber measurement of soil δR, gb,s is the boundary layer resistance of the soil

(typically ≈ u∗/10, in m s−1), and ǫ is the soil air porosity at the 5 cm depth (m3 m−3).

The δSOC and δa terms are the isotopic compositions of soil organic carbon and near

surface soil CO2, respectively (in h). The Ca term is the CO2 concentration in the near-
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Figure 2.16: Panel A shows the diurnal chamber measurement of soil δR (δCh) during
early growth (squares) and the estimated diurnal signal of δCh using equation 9 (circles).
Estimated values were calculated by rearranging equation 9 to solve for δCh with a δR

value set at -22h. Panel B shows a one-to-one relationship between the measured and
estimated signals.

surface soil (about 1000 µmol mol−1). The FCh term is the chamber measurement of soil

respiration (µmol m−2 s−1). The inclusion of the FCh term allows for the influence of u∗

and ǫ to be flux weighted, causing diminished influence during periods of high respiration.

The value B (-0.005483) is dimensionless and is the slope of the linear regression between

δCh and
gb,s(δS−δa)Caǫ

FCh
. The y-intercept of this regression was -22.4, equal to the expected

isotopic composition of soil respiration at RROC during early growth.

To test this linear relationship, chamber measurements of soil δR were estimated using

the diurnal ensembles of gb,s, ǫ, and FCh during early growth with an assigned δR value

of -22.4h. Overall, the estimated diurnal signal of δRS
exhibited a similar pattern to the

measured diurnal signal of δRS
(r2 = 0.75, Figure 16). Estimated δCh values behaved

similarly to measured δCh values and indicated that non-steady state conditions were

50



most influential during the mid-morning when turbulence was high and soil respiration

was relatively low. These conditions caused the chamber δRS
value to enrich by as much

as 7h. As soil respiration increased in the mid to late afternoon, the influence of non-

steady state exchange diminished. As a result, estimated afternoon values of δCh behaved

similarly to measured values of δCh and became depleted relative to mid-morning values.

2.4 Discussion

This study presented strong evidence indicating both biological and non-biological pro-

cesses influence temporal variability in CO2 efflux (FR) and its isotopic composition (δR)

within an agricultural ecosystem in the Upper Midwestern United States. Following the

flux gradient method of Griffis et al. (2004b), autotrophic respiration (Fa) had a very

strong influence on δR on the seasonal time scale, causing enrichment during corn grow-

ing seasons and depletion during soybean growing seasons. This conclusion is supported

by chamber data indicating that root respiration from nearby corn plants accounted for up

to 55% of total soil respiration (FRS
) during peak growth. This value is consistent with

previous partitioning studies conducted within an agricultural ecosystem during a corn

growing season (Griffis et al., 2005; Rochette et al., 1999). In addition, flux-gradient data

revealed that above ground respiration enriched total δR by up to 4h during peak growth,

emphasizing the strong influence of above ground respiration on the isotopic composition

of FR.

Fa values on the seasonal time scale were ultimately determined by the CO2 assimila-

tion rate (FP ) of the agricultural crops. As expected, available soil water content and the
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temperature of the leaf and soil drove FP variability on the seasonal time scale (Bowling

et al., 2002). When FP was limited due to low available soil water or high temperature, Fa

was diminished, causing δR to shift closer to the isotopic composition of heterotrophic res-

piration (δh). This was observed during the 2007 corn growing season when near drought

conditions limited FP during peak growth and caused δR to deplete by as much as 4h.

Changes in substrate type and availability had a substantial influence on the isotopic

composition of soil respiration (δRS
) on the seasonal time scale. Although data were lim-

ited, flux-gradient data indicated that δRS
was up to 3h more enriched than the average

isotopic composition of soil organic carbon (δSOC) during the winter and spring following

corn growing seasons, similar to values reported by Drewitt et al. (2009). Further, a

strong C3 signal was observed in the spring following soybean growing seasons using both

flux-gradient and chamber methods. Values of δRS
were up to 5h more depleted than

the average δSOC . The differences between δRS
and δSOC become exceedingly important

when determining the δh value for partitioning FR source components using the stable

isotope method (Eq. 8) (Sakata et al., 2007). Based on the findings from this study, it

is suggested that when using the isotope method for partitioning FR source components

in a managed C3/C4 ecosystem, it is imperative that the δh value account for both the

greater SOC pool and the crop residue from the previous growing season.

Chamber data from both greenhouse and agricultural field settings indicated that the

sharp mid-morning enrichment in δRS
observed under predominantly heterotrophic soil

conditions was non-biological and likely an artifact of chamber sampling. Specifically, en-

richment in soil δR during early growth was likely caused by lateral diffusion, or advection,
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of 13C-enriched soil CO2 due to a pressure gradient established during chamber sampling

under turbulent conditions. When the chamber lid was open during non-sampling peri-

ods, the soil within the chamber collar was exposed to the same climatic conditions as the

surrounding soil. When the chamber dome was closed during sampling, however, the soil

inside of the collar was sheltered from turbulence-induced pressure perturbations exerted

on the soil surface. Since turbulent conditions usually exert a slightly positive pressure

toward the soil surface, a pressure gradient was established between the chamber soil (low

pressure) and the surrounding soil (high pressure). The pressure gradient likely caused

lateral diffusion of 13C-enriched CO2 from the surrounding soil underneath the collar edge

and into the chamber soil where it diffused into the headspace. During the nighttime,

stable atmospheric conditions likely allowed the pressure inside of the chamber to be equal

to or slightly greater than its surroundings, minimizing advective flow into the chamber

headspace. Saturated or near saturated soil conditions also likely slowed lateral diffusion

by decreasing air porosity in the upper soil. Supporting this finding is the significant lag

and poor overall correlation in the diurnal patterns of both soil temperature and FRS
to

δRS
under predominantly heterotrophic conditions. The poor correlation suggests that

shifts in microbial substrate sources did not account for significant diurnal variability in δR

within a mixed C3/C4 soil. This finding supports Bowling et al. (2009) who found a rela-

tionship between variability in the isotopic composition of near-surface soil (or snowpack)

CO2 and the isotopic composition of surface efflux. This finding also supports Susfalk

et al. (2002) who found difficulty using the isotope partitioning method in dry soils due

to the presence of atmospheric air mixing and lateral diffusion.
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Invasion was most pronounced in the mid-morning when turbulence and soil air porosity

were both high but soil respiration was relatively low. In the mid-morning when both

turbulence and soil air porosity near the surface were high and soil respiration was low,

advection caused δRS
to be enriched by as much as 7h when compared to nighttime

values. In the afternoon, advection was still present but higher soil respiration rates

dampened its affect on the soil δR signal. At night, stable atmospheric conditions inhibited

advection and allowed for reliable values of soil δR using the chamber-TDL method. These

diurnal relationships are consistent with Millard et al. (2008) who observed an increased

enrichment in soil δCO2
in dry soils with low FRS

. Greenhouse bare soil plots indicated

a similar mid-morning enrichment of up to 4h during unsaturated conditions. These

observations are consistent with Susfalk et al. (2002) who observed enriched soil CO2

near the surface relative to soil CO2 at lower depths due to the presence of invasive CO2

from the atmosphere. At RROC, atmospheric mixing at the soil surface was strongest

during early growth when the soil surface was much more exposed to wind gusts and

turbulence than during peak growth when the soil surface was more sheltered. Due to

the strong influence gusts and turbulence have on the isotopic composition of soil efflux,

it is suggested that only nighttime chamber measurements be used to partition FR into

its heterotrophic and autotrophic components. When daytime measurements were used,

the calculated Fa contribution to FR was well over 100% due to the added enrichment in

δRS
provided by non-biological sources.

In addition to surface turbulence, periods of surface saturation during and after rain

events strongly affected both FRS
and δRS

. Under these conditions, FRS
decreased signif-
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icantly and little to no diurnal variability in δRS
was observed. This relationship indicates

that surface saturation not only suppressed soil O2 levels but eliminated invasion of atmo-

spheric CO2 into the upper soil, supporting Davidson et al. (1998) and Stern et al. (1999).

Also, greenhouse data indicated depleted mid-day δRS
values after watering events caused

saturation of the upper soil and a diminishment of the invasion flux.

During peak growth, chamber measurement of δRS
yielded valuable insights into the

biological factors affecting FRS
variability on the diurnal and seasonal time scale. The δRS

signal was heavily influenced by Fa on the diurnal time scale, with nighttime δRS
values

up to 8h more enriched during peak growth than during early growth. Values of δRS
also

exhibited a much stronger correlation with 5 cm soil temperature and FRS
during peak

growth than during early growth. Also, peak enrichment in δRS
shifted from late morning

during early growth to mid afternoon during peak growth, indicating a greater influence

from Fh due to microbial consumption of 13C-enriched corn root exudates. These findings

support Bowling et al. (2002), Chanton et al. (1995) and Ryan and Law (2005) who

emphasize the important, yet poorly understood, contribution of microbial consumption

of root exudates to the total FRS
.

Based on chamber data from RROC, the main drivers of diurnal variability in the iso-

topic composition of soil respiration shifted from non-biological factors during early growth

to biological factors during peak growth. The development of the corn plants likely caused

this shift for two reasons. First, as the corn plants entered rapid growth and developed a

more robust canopy, wind and turbulence at the soil surface was significantly diminished,

causing a decrease in turbulent transport of 13C-enriched CO2 from the atmosphere into

55



the upper soil. Second, an increase in released root exudates by the corn plants during

peak growth likely increased Fh and enriched the overall δh signal. The diminishment of

the invasion flux coupled with the increase in Fa and the enrichment in δh help to explain

the shift in the diurnal δRS
signal from early to peak growth.

The shift from non-biological to biological factors controlling δRS
variability raises con-

cerns about the assumption of steady-state conditions during chamber sampling. For this

study, steady state CO2 exchange between the atmosphere and soil can not be assumed

during the daytime of early growth at our agricultural research site. This is due to the

strong influence of turbulence and wind speed on the highly exposed soil surface which

likely created diurnal variability in atmospheric mixing and caused shifts in the proportion

of biological and non-biological contributions to δRS
. Variability in atmospheric mixing

with soil CO2 effectively masked the true biological signal of δRS
during the daytime.

At night, stable atmospheric conditions allowed for steady or near-steady state CO2 ex-

change to be achieved and for the true biological signal of δRS
to be captured. During

peak growth, daytime FRS
and δRS

data suggest CO2 exchange between the soil and at-

mosphere was much closer to steady state than during early growth due to the sheltering

effects of the corn plants. Sheltering effects, coupled with higher root respiration during

peak growth, allowed for the true biological signal of δRS
to be monitored more accurately

during the daytime.

While the findings from this study may present additional challenges for future par-

titioning experiments using the isotope method, it yielded valuable insights into the bio-

physical processes controlling heterotrophic and autotrophic respiration in a managed
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agricultural ecosystem common in the Upper Midwestern United States. These insights

are critical to better understand how carbon cycling within managed ecosystems may

respond to changes in climate and management practices. Further, by applying stable

isotope methodology, key non-biological processes such as the invasion flux and lateral

diffusion were identified. Since this study did not measure isotopic CO2 concentrations in

the upper soil and a non-steady state chamber system was used, the degree to which the

invasion flux affected soil δR could only be estimated. However, this study was able to

isolate periods of the day, specifically the mid to late morning during early crop growth,

where non-steady state conditions had the most influence on chamber measurement of

soil δR. To test the hypotheses proposed in this study regarding non-steady state CO2

exchange at the soil-atmosphere interface, future research should incorporate a steady

state chamber system as well as measurement of upper soil CO2 concentrations and their

isotopic composition.

2.5 Conclusions

The findings from this study show that stable isotope spectroscopy can be combined with

an automated chamber system to measure the isotopic composition of soil respiration

with high temporal resolution. The chamber-TDL technique provided valuable informa-

tion concerning the variability of δR and, when coupled with the flux-gradient sampling

system, helped improve our understanding of the significant influence vegetation type and

phenology have on the isotopic budget of atmospheric CO2. These findings may be bene-

ficial to regional and global surface exchange models that estimate changes in the cycling
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of carbon between the soil, biomass, and atmosphere under future climate projections.

Further, this study demonstrated that the chamber-TDL was most effective at measuring

the isotopic composition of soil respiration either when atmospheric conditions were sta-

ble (i.e. minimal invasion flux) or when the surrounding vegetation was sufficiently large

enough to shelter the chambers from atmospheric turbulence. Specifically, this study

found that:

1. Seasonal shifts in δR were ultimately driven by changes in FP . When the corn and

soybean crops entered rapid growth and FP increased, Fa also increased, enriching

the δR signal during corn growing seasons and depleting the δR during soybean

seasons. During peak corn growth, nighttime δR values were 15h more enriched

than values before planting due to the strong influence of autotrophic respiration.

Autotrophic respiration also had a significant influence on δR values during soybean

growing seasons, causing δR values to be 10h more depleted during peak growth

than before planting. Seasonal FP variability was controlled mainly by crop devel-

opment, but availability of soil water also had a major influence as well. When the

crops were water stressed, FP decreased due to the constriction of plant stomata

for water conservation. As a result, Fa decreased during periods of water stress and

δR shifted closer to the isotopic composition of SOC.

2. Chamber measurement of FRS
and δRS

indicated a linear increase in the contribu-

tion of below ground Fa to the total FRS
during the 2009 corn growing season,

accounting for up to 55% at the end of the analysis period. Nightly averages of

δRS
reached -16h during peak growth, which is about 4h lower than flux-gradient
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measurements during the same time period. This indicates the strong influence of

above ground respiration on overall δR signal.

3. The diurnal signal of δRS
shifted significantly as the growing season transitioned from

early to peak growth. During early growth, the diurnal δRS
signal consisted of a sharp

mid-morning enrichment followed by a gradual depletion throughout the afternoon

and evening. Based on the strong correlation between δRS
and surface tempera-

ture, friction velocity, and wind speed, the diurnal δRS
signal was heavily influenced

by mid-morning turbulence that increased CO2 exchange at the soil-atmosphere

interface. This created non-steady state CO2 exchange at the soil-atmosphere in-

terface and contributed a significant but variable non-biological component to the

chamber measurement of δRS
. This influence appeared to subside in the mid after-

noon when soil respiration was at it highest. Also diminishing CO2 exchange at the

soil-atmosphere interface were heavy rain events that saturated the upper soil and

decreased soil air porosity.

4. During peak growth, δRS
was less affected by wind and turbulence due to the shel-

tering effect of the mature corn plants. As a result, the diurnal δRS
signal was

less influenced by non-biological factors during peak growth and better represented

variation from biological sources. Peak enrichment in δRS
occurred during the mid

afternoon when both soil temperature and microbial activity were highest, suggest-

ing that δRS
variability was influenced by microbial consumption of root exudates.

5. This study identified potential concerns when using automated chamber sampling
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systems to estimate variability in soil FR and δR on the ecosystem scale. Specific

areas of concern include periods of non-steady state CO2 mixing at the soil surface,

lateral diffusion due to pressure gradients established during chamber sampling, and

the relative proximity of chambers to vegetation. The concerns raised in this study

may have implications on future research concerning carbon cycling within managed

agricultural ecosystems.
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Chapter 3

Evaluation of isotopic flux partitioning

theory under controlled environmental

conditions

3.1 Introduction

The use of the stable carbon isotope 13C as a tracer provides a powerful tool for study-

ing carbon exchange between and within carbon reservoirs. Net exchange of CO2 (FN)

between the biosphere and the atmosphere is comprised of carbon uptake during pho-

tosynthesis (FP ) and carbon loss during respiration (FR). Tracking differences in the

natural isotopic composition (δ13C) of carbon pools allows for the net flux of carbon

within an ecosystem to be separated into its components. Analyses of isotopic fluxes

throughout an ecosystem have been used to partition ecosystem respiration (FR) into its
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heterotrophic (Fh) and autotrophic (Fa) components (Rochette et al., 1999; Griffis et al.,

2005), identify and quantify anthropogenic release of carbon into the atmosphere (Bush

et al., 2007; Pataki et al., 2003), and in particular, partition the net ecosystem exchange

of CO2 (FN) into its photosynthetic (FP ) and respiratory (FR) fluxes (Zhang et al., 2006;

Ogée et al., 2003; Bowling et al., 2003; Yakir and Wang, 1996). Partitioning FN into

FP and FR remains a necessary step toward a better understanding of the biological and

physical controls on carbon cycling which will ultimately lead to better constraint of the

gross fluxes of FP and FR on the regional and global scales.

Traditionally, net CO2 exchange is partitioned by estimating FR from nighttime tem-

perature regression models and FP from daytime light response curves (Reichstein et al.,

2005; Griffis et al., 2003). Common FR models utilize a simple Q10 function that measures

the temperature sensitivity of nighttime FR to estimate daytime FR using the daytime

soil temperature (Reichstein et al., 2005; Rustad et al., 2000). While relatively simple,

this method has several potential limitations. Although the temperature of the upper

soil accounts for the majority of variation in FR, other factors such as soil moisture and

vegetation type also affect respiration rates (Davidson et al., 1998; Gaumont-Guay et al.,

2006). Davidson et al. (1998) found that during periods of extreme wetness, soil water

greatly slows the diffusion rate of O2, which can slow the decomposition of organic matter

and the rate of microbial respiration even when soil temperature is high. Also, extremely

low soil moisture levels have been shown to slow respiration rates from both plant and

microbial activity (Griffis et al., 2004b; Hanson et al., 2000). Further, use of nighttime

temperature regression models may not adequately account for physiological controls on
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FR that differ between the daytime and nighttime (Zhang et al., 2006; Hurry et al., 2005;

Griffis et al., 2003). Numerous studies have shown that substantial inhibition of leaf res-

piration occurs in the presence of light for several species, including corn (Zea mays)

(Hurry et al., 2005; Atkin et al., 1997; Kirschbaum and Farquhar, 1987). Diminished rates

of leaf respiration in the presence of light likely decreases the Q10 value for daytime FR,

leading to an overestimation of daytime FR when applying nighttime sensitivity values

to daytime temperatures. Self correlation between estimated FP and FR has also been

shown to occur when using temperature-driven partitioning models (Vickers et al., 2009).

Self-correlation occurs when FP is computed as the difference between measured FN and

estimated FR, leaving FP and FR to share a common variable and allowing for uncertainty

to propagate through both estimated fluxes.

Light response analyses have been used to estimate both photosynthesis (FP ) and

daytime ecosystem respiration (FR) (Griffis et al., 2003). Typically, light response models

estimate FP by calculating the amount of photosynthetically active radiation (PAR) that

is absorbed by the canopy, with the y-intercept of the model representing daytime FR

(Chen et al., 1999). The advantage of this methodology is that it reduces the influence of

nighttime data and may capture the effect of photo-inhibition on the rate of daytime leaf

respiration (Griffis et al., 2004b; Reichstein et al., 2005). However, light response models

often require detailed canopy structure information, which limits comparison with other

models and ecosystems (Zhang et al., 2006). FP estimates from light response models can

also be confounded by meteorological conditions such as air humidity and vapor pressure

deficit (VPD) that can alter temperature sensitivity calculations (Reichstein et al., 2005).
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The stable isotope technique provides an independent approach to partitioning net

CO2 exchange (FN) into photosynthesis (FP ) and respiration (FR). Yakir and Wang

(1996) applied the mass balance principle to partition FN using the unique carbon iso-

tope signatures of the atmosphere, plants, and soil of an agricultural ecosystem. This

approach was most effective over longer time scales because the isotopic ratios assigned

to the plants and soil were integrated values that did not account for short term variation

in either FP or FR. Bowling et al. (2001) expanded on the methodology proposed by Yakir

and Wang (1996) by combining eddy flux measurements with 13CO2/
12CO2 ratio mea-

surements to partition FN over a deciduous forest. Their study incorporated canopy-scale

photosynthetic discrimination (∆canopy) and allowed for short-term analysis of both FN

and FR. This methodology was applied by Ogée et al. (2003) who adapted a multilayer

soil-vegetation-atmosphere transfer model (MuSICA) to compute the isotopic flux profile

within and above a coniferous forest. Zobitz et al. (2007) combined Bayesian parameter

optimization with stable isotope techniques to partition FN from a subalpine forest. Fur-

ther application of the Bowling et al. (2001) methodology was performed by Zhang et al.

(2006) who examined the component fluxes of FN over an agricultural ecosystem under

C3/C4 crop rotation utilizing the isotopic flux-gradient method.

Despite the recent advancements of the stable isotope partitioning method, several

limitations continue to exist that can lead to uncertainty in the partitioned results. Poten-

tial limitations include, but are not limited to, estimation of the stomatal conductance for

CO2 (gc) using the Penman-Monteith equation (Billmark and Griffis, 2009), poor signal to

noise ratios using flux-gradient sampling during the daytime (Griffis et al., 2005), loss of
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nighttime data using the eddy covariance technique (Zhang et al., 2006), and significant

variability in the isotopic composition of ecosystem respiration (δR). Two fundamental

questions pertaining to isotope partitioning theory will be explored in this study. First,

can advances in automated sampling techniques simplify stable isotope methodology and

help produce reliable partitioning results? Second, under what conditions, both spatially

and temporally, is the stable isotope partitioning method most effective? To address these

questions, an automated chamber system was combined with tunable diode laser (TDL)

spectroscopy to evaluate isotopic partitioning theory and to simplify and isolate poten-

tial challenges and problems. In particular, this study 1) utilized the isotopic partitioning

method to estimate FR and FP from corn and soybean soil chamber plots in a climate

controlled greenhouse, 2) partitioned FN from the same chamber plots using nighttime

temperature response techniques and compare results with the isotope method, and 3)

discussed important advantages and disadvantages when using these methodologies.

3.2 Theory

3.2.1 Partitioning net ecosystem exchange using the stable iso-

tope method

The photosynthetic (FP ) and respiratory (FR) fluxes of net CO2 exchange (FN), as well

as their unique isotopic signatures, can be written based on the mass balance principle as

described by Bowling et al. (2003) and Griffis et al. (2005) as
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FN = FR + FP (3.1)

δNFN = δRFR + (δa − ∆canopy)FP (3.2)

where δa is the isotopic ratio of ambient air, ∆canopy is the whole canopy photosynthetic

discrimination, δN is the isotopic ratio of FN , FR is nonfoliar ecosystem respiration, and

δR is the isotopic composition of nighttime FR. For this study, sign convention indicates

a positive flux leaving the surface and a negative flux directed toward the surface.

By assuming leaf-level and canopy-level photosynthesis are analogous, FP is estimated

using (Farquhar et al., 1989; Bowling et al., 2001)

−FP = gc(Ci − Ca) (3.3)

where gc is the stomatal conductance for CO2 (in mol m−2 s−1) and Ci and Ca are

the intercellular and atmospheric mole fractions of CO2, respectively (in µmol mol−1).

Typically, Ca is measured directly and Ci is left as an unknown.

For partitioning in a C3 ecosystem, ∆canopy is calculated using

∆canopy = a + (b3 − a)
Ci

Ca

(3.4)

with the parameters a and b3 the isotopic discriminations associated with diffusion through

the stomata (4.4h) and RuP2 carboxylation (27h) during the Calvin Cycle, respectively

(Zhang et al., 2006; Farquhar et al., 1989).
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A C4 plant requires an additional step before carbohydrates are produced via the Calvin

cycle. In a C4 plant, assimilation of atmospheric CO2 begins with the carboxylation of

phosphoenolpyruvate (PEP) in the mesophyll cells to form a C4 acid such as malate or

aspartate. The C4 acid is transported to the bundle sheath cells where it is decarboxylated.

CO2 that is generated in the bundle sheath cells during decarboxylation is then reduced

to carbohydrates via the Calvin cycle (Taiz and Zeiger, 2002). The additional step during

CO2 assimilation in a C4 organism alters the level of isotopic discrimination within the

plant. The ∆canopy value can be determined using the Farquhar (1983) equation

∆canopy = a + (b4 + b3φ − a)
Ci

Ca

(3.5)

where b4 is the isotopic discrimination associated with PEP carboxylase (-5.7h) and φ

is the fraction of CO2 that leaks out of the bundle sheath of a C4 leaf and is refixed

by rubisco (generally between 0.2 and 0.5) (Farquhar et al., 1989; Zhang et al., 2006).

Estimation of FP is completed by solving for Ci in Eq. 3 and inserting into either Eq. 4

or 5, depending on the photosynthetic pathway of the vegetation. This equation is then

inserted into the isotopic mass balance equation (Eq. 2), eliminating the ∆canopy term

and creating a quadratic equation for FP with only one of the solutions yielding a realistic

value.

While the stable isotope partitioning method yields considerable insight into the short-

term exchange of carbon fluxes within an ecosystem, several limitations exist that can

lead to large uncertainties in FP . These uncertainties can then be propagated to the

FR estimate due to self-correlation between FP and FR when using the mass balance
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principle. One of the greatest sources of uncertainty occurs when estimating the bulk

stomatal conductance for CO2 (gc), which is a key component in the photosynthetic

discrimination calculation (Eqs. 4 and 5). Traditionally, gc is estimated by calculating

the bulk stomatal conductance for water vapor (gw) using the Penman-Monteith equation

(Bowling et al., 2001). The gc value is then taken to be that of gw divided by the

ratio of the diffusivities of water vapor and CO2 in air, which is about 1.6 (Farquhar and

Sharkey, 1982). Unfortunately, gc calculated using the Penman-Monteith equation can

involve large uncertainties of 30% or greater due to a lack of energy balance closure,

error propagation due to several independent environmental measures, and the generally

unknown contribution of soil evaporation (Zhang et al., 2006). Another potential cause

of uncertainty in partitioning results is variability in the isotopic composition of ecosystem

respiration (δR). Although the δR term is held constant under stable isotope partitioning

theory, previous studies have shown that δR can vary by as much as 15h over the course of

a growing season (Billmark and Griffis, 2009; Griffis et al., 2005). In addition to gc and δR,

the parameter φ also causes significant variation in the stable isotope partitioning model

for a C4 ecosystem. While generally accepted values range from 0.2 to 0.5 (Farquhar

et al., 1989; Evans et al., 1986), variation in φ can cause the FP calculation to change

significantly. Further confounding this issue is that little is known about the factors

causing variation in φ amongst C4 plants because most partitioning studies occur in C3

ecosystems.

Utilization of the eddy covariance and isotopic flux-gradient methods can also intro-

duce uncertainty in ecosystem scale partitioning. Since a minimum level of turbulence is
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required for accurate FN measurement, significant data loss can occur during the night-

time when the atmosphere is typically stable. The loss of nighttime data limits the direct

analysis of ecosystem respiration (Reichstein et al., 2005; Griffis et al., 2005; Bowling

et al., 2001). While measurement of FN using the eddy covariance method suffers dur-

ing the nighttime, measurement of FN and δN using the isotopic flux-gradient method

suffers during the daytime because CO2 gradients are often difficult to measure in the

daytime due to strong mixing in the surface layer, which increases measurement error in

the daytime FN and δN measurement (Drewitt et al., 2009; Griffis et al., 2005).

3.3 Methodology

3.3.1 Study Site

Laboratory measurements were conducted at the University of Minnesota Plant Growth

Facilities, located on the St. Paul campus. Here, a fully automated chamber system

was employed in a climate controlled greenhouse for a 25 day period during the winter of

2009. A combination of electric heaters, overhead vents, and exhaust fans controlled the

greenhouse temperature within a range of 2 ◦C of the set point. Lighting was supplied by

forty 800 Watt sodium halide bulbs evenly spaced throughout the greenhouse.

3.3.2 Meteorology and climate

Soil temperature was measured at depths of 5, 10, and 30 cm as well as at the surface

using a Type E thermocouple (chromel-constantan). Half hourly soil moisture measure-
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ments were also performed for two of the chambers using Em50 ECH2O sensors (Decagon

Devices, Inc. Pullman, WA, USA) at depths of 10 and 20 cm.

3.3.3 Greenhouse methodology

An automated, non-steady state chamber system was deployed at the Plant Growth Fa-

cility during the winter of 2009 to measure the isotopic composition of net CO2 exchange

(Figure 1). The chamber system used for this study was designed by the Biometeorol-

ogy and Soil Physics Group at the University of British Columbia and consists of fully

automated, flow through chambers capable of measuring fluxes of CO2 and water vapor

(Gaumont-Guay et al., 2006). Each chamber lid was made of clear acrylic and measured

0.06 m3 with an inner diameter of 0.53 m.

Chamber lids were closed using compressed air supplied by an electric air compressor

(Powermate, Model VPP0301104, Long Grove, Ill). Closure of the chamber domes was

controlled by a 12 Vdc solenoid valve mounted to the back of each chamber. Upon

closure, a small fan inside the chamber headspace was activated to ensure air was well

mixed during sampling. A portable data acquisition module (Iotech PDQ56, Cleveland,

Ohio, USA) and a personal computer were used to record all chamber signals including

CO2 and H2Ov concentrations and thermocouple temperatures.

Synflex tubing (Synflex Type 1300, Aurora, OH, USA) carried air from the sample

inlet to a custom made manifold that controlled sampling to a Li-Cor 840 IRGA (Li-

Cor Inc., Lincoln, NE, USA). After air from the sample line was analyzed by the IRGA,

a vacuum pump (Model NMP850KNDCB, KNF Neuberger Inc., Trenton, New Jersey,
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Figure 3.1: Bare soil, corn, and soybean chamber plots during early growth (from left to
right).

USA) returned the air back to the chamber headspace in a separate line of Synflex tubing

(return line) (Figure 2). The bulk flow rate through the chamber system was set at 4 L

min−1 with a subsample flow through the IRGA set at 1 L min−1. Sampling frequency and

length of individual sampling events were set to 15 minutes and 210 seconds, respectively.

The individual sampling time was optimized to accurately measure the rate of isotopic

mixing ratio change inside the chamber while minimizing chamber effects that can reduce

the flux during prolonged sampling events (Wagner et al., 1997).

Each chamber was fitted to a 200 L PVC soil column with approximately 260 kg of soil

from an agricultural field site at the Rosemount Research and Outreach Center (RROC)

located 25 km south of the St. Paul campus. The soil was extracted from the agricultural
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Figure 3.2: Schematic of the automated chamber system with TDL for isotopic analysis
of FN .

field site where previous work was conducted by Griffis et al. (2004b, 2005, 2008); Zhang

et al. (2006); Billmark and Griffis (2009); Baker and Griffis (2005). The soil profile at

RROC was replicated inside each column in order to maintain continuity between the field

and greenhouse experiments. However, we acknowledge that some disturbance of the soil

matrix was unavoidable and likely caused changes in the bulk density, soil water content,

and tortuosity values of the soil column that may impact the processes being studied.

The experiment consisted of two vegetated soil plots, one with corn plants (C4 pho-

tosynthetic pathway) and one with soybean plants (C3 photosynthetic pathway), and one

bare soil control plot. Each vegetated plot had 60 evenly spaced seeds sown at a depth of
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2-5 cm. Due to the limited space available in the chamber headspace, vegetation was not

allowed to reach a mature stage. This restriction limited the focus of the experiment to

partitioning net CO2 exchange (FN) into its photosynthetic and respiratory fluxes during

early plant growth. Continuous sampling of FN and its isotopic composition (δN), soil

and air temperature, and soil water content was performed for a 25 day period in the

greenhouse during the winter of 2009. The diurnal greenhouse temperature was set to

a daytime high of 28 ◦C and a nighttime low of 17 ◦C. Greenhouse lighting was turned

on from 0600 to 2000 hr daily. Watering was performed every three to four days and

averaged about 9.5 mm of water per watering event per chamber.

3.3.4 Sampling of net CO2 exchange and its isotope ratio

Measurement of FN within each chamber was calculated using

xFN =
PV xdCO2/dt

ATsR
(3.6)

where P is atmospheric pressure (98 500 Pa), V is the volume of the chamber (0.06 m3),

A is the surface area of the chamber (0.216 m2), Ts is the 5 cm soil temperature (K),

and R is the gas constant (8.3144 m3 Pa K−1 mol−1). FN is the net flux of CO2 with

the superscript x indicating either 12CO2 or 13CO2 (in µmol m−2 s−1). xdCO2/dt is the

change in the isotopic concentration over time (µmol mol−1 sec−1). A best fit linear

regression was used to determine the rate of isotopic concentration change within the

chamber headspace during a single sampling event. Assuming P , A, V , R, and Ts are

similar for 13CO2 and 12CO2, the isotopic flux ratio simplifies to
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13FN

12FN

=
13dCO2/dt
12dCO2/dt

(3.7)

and is expressed in delta notation using

δN = (
d13CO2/d

12CO2

RV PBD

− 1) × 1000 (3.8)

To ensure accurate examination of the isotopic composition of FN , linear regressions

with an r2 coefficient less than 0.95 were excluded from the analysis. For each chamber

measurement, the first and last 15 seconds were omitted from each sampling event to

eliminate potential contamination of sample air from other chamber measurements.

The stable isotopes 12CO2 and 13CO2 were measured using tunable diode laser (TDL)

spectroscopy (TGA100, Campbell Scientific, Logan, UT, USA) (Griffis et al., 2007). A

complete description of TDL methodology can be found in Griffis et al. (2008) and Bowling

et al. (2003). The TDL sample line was incorporated into the chamber system sample line

just before entry into the IRGA. Air flow from the chamber system to the TDL was set

at 7.44x10−4 mol s−1 to diminish a lag created by a 5 m gap between the TDL and the

chamber system. The TDL used to measure the isotopic composition of (δN) was housed

in an adjacent greenhouse bay with a constant temperature of approximately 18 ◦C to

help maintain a stable operating temperature. Chamber air analyzed by the TDL was

not returned to the chamber dome. Therefore, N2 gas flowing at 7.44x10−4 mol s−1 was

added to the chamber return line. The addition of N2 gas ensured that TDL sampling did

not create a pressure drop inside the chamber. Replacement of air sampled by the TDL
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with N2 gas caused a dilution of the chamber CO2 concentration, resulting in a negative

flux (Fdil) that was calculate using

Fdil = −
(C0 −

C0(VT−VN2
)

VT
)PVT

tATR
(3.9)

where C0 is the CO2 concentration inside the chamber at the start of sampling (380

µmol mol−1), VN2
is the volume of gas supplied to the chamber after an entire sampling

event (0.0035 m3), VT is the total volume of the chamber (0.06 m3), P is atmospheric

pressure (98 500 Pa), t is the duration of the sampling event (300 seconds), A is the

surface area of the chamber (0.216 m2), T is the air temperature (293 K), and R is the

gas constant (8.3144 m3 Pa K−1 mol−1). Using this equation, the theoretical 12Fdil value

was calculated as -1.17 µmol m−2 s−1 and 13Fdil was calculated as -0.0138 µmol m−2 s−1

and confirmed by zero testing of the chamber system. This offset was added to each flux

measurement. Since the gas supplied to the chamber did not contain CO2, it is assumed

that this correction procedure affected 13CO2 and 12CO2 similarly.

3.3.5 Evapotranspiration and stomatal conductance

Evapotranspiration was measured using

ET =
PV dwa/dt

ATsR
(3.10)

where ET is the efflux of water vapor leaving the soil and vegetation (mmol m−2 s−1) and

dwa/dt is the change in water vapor concentration over time (mmol mol−1 s−1). Due to
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the rapidly changing climatic conditions inside of the chamber after closure, dH2Ov/dt was

calculated using a linear regression fitting data from the first 20 seconds of the sampling

event.

Plant transpiration (E) was separated from ET using

E = ET − ES (3.11)

with ES the water vapor efflux from a bare soil control plot. Although the control plot

experienced the same greenhouse conditions as the vegetated plots, we acknowledge that

the vegetation caused shading effects and changes to the soil structure that likely altered

the soil conditions between the vegetated and bare soil plots.

Since E could be estimated inside the vegetated chamber plots using Eq. 10, the

Penman-Monteith equations was avoided and the stomatal conductance for H2O (gcw)

was calculated using

E = gcw(wi − wa) (3.12)

with wi and wa the mole fractions (in mmol mol−1) of water vapor at the leaf surface and

in the atmosphere, respectively (Cowan and Farquhar, 1977). The mole fraction wi was

taken to be the saturated mixing ratio at the leaf temperature. To calculate the saturation

mixing ratio, a thermocouple was placed within the canopy of each vegetated chamber

plot. The temperature measured inside the canopy was then converted to a saturation

mixing ratio. The water vapor mixing ratio in the atmosphere (wa) was defined as the
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Figure 3.3: Greenhouse experiment showing half-hourly measurements of FN from the
a) soybean (black symbols) and b) corn (green symbols) plots for the duration of the
experiment, and c) half-hourly measurements of soil temperature at the 5 cm depth for
both chamber plots.

mixing ratio 5 seconds after chamber closure. The stomatal conductance of CO2 (gc)

was then calculated by applying the ratio of the diffusivities of H2Ov and CO2 through air

(about 1.6) to the gcw value (Farquhar and Sharkey, 1982).

3.4 Results

3.4.1 Phenology of chamber vegetation

After planting, the corn and soybean plants showed rapid phenological changes, with leaf

emergence occurring 4 days after planting and within 15 days the corn and soybean plants

had reached 25 cm, which exceeded the height of the chamber domes. Before the corn

77



and soybean plants interfered with chamber closure, daytime FN reached -7 µmol m−2

s−1 in the soybean plot and -10 µmol m−2 s−1 in the corn plot (Figures 3a and 3b).

Every morning, photosynthetic uptake was activated much faster in the greenhouse than

in an agricultural field due to the instantaneous light source provided by the artificial

lighting. Light activation caused FN to drop sharply at 0600 hr from 6 to -3 µmol m−2

s−1 in the corn plot and from 5 to -1 to µmol m−2 s−1 in the soybean plot (Figure 4a).

Daytime FN was most negative at 1000 hr when photosynthetic activity was high and soil

respiration respiration was relatively low. FN reached -7 and -5 µmol m−2 s−1 in the corn

and soybean plots, respectively, at 1000 hr and gradually became less negative in both

vegetated plots throughout the afternoon. After the artificial lighting was turned off at

2000 hr, FN quickly became positive from -3 to 4 µmol m−2 s−1 in the corn plot and

from 0.5 to 3.5 µmol m−2 s−1 in the soybean plot. From 2300 to 0600 hr, nighttime FR

gradually decreased in both vegetated plots from 6 to 4 µmol m−2 s−1, with FR from the

corn plot consistently 0.25 to 0.5 µmol m−2 s−1 higher than FR from the soybean plot

throughout the nighttime.

3.4.2 Isotopic composition of FN and FR

Based on the diurnal δN signal, three distinct shifts in the relative contributions to FN

are present (Figures 4a and 4b): 1) late night/early morning mix of Fh and Fa, 2)

daytime period where photosynthetic uptake was the dominant flux, and 3) early evening

heterotrophic respiration immediately after light deactivation. In the corn plot, daytime

δN carried a strong C4 signal at -11h due to photosynthetic uptake being the dominate
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contributor to FN . Daytime δN carried a strong C3 signal at -29h in the soybean plot at

1000 hr but enriched during the afternoon, reaching -19h at 2000 hr. We hypothesize

daytime enrichment is due to a combination of lowered photosynthetic uptake by the

soybean plants and increased heterotrophic respiration during the late afternoon. The

invasion of enriched atmospheric CO2 into the upper soil could have also contributed to

an enriched daytime δN signal. This contribution, however, was likely small due to the

sheltering effect of the vegetation on the soil surface. Leaf area indices in the corn and

soybean plots were estimated between 1.5 and 2.5 m2 m−2 at the conclusion of sampling.

Values of δN were highly variable from 1800 to 2000 hr when FN was near zero. At night
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(from 0000 to 0600 hr), autotrophic respiration from the corn kept δR enriched at -16h

relative to the isotopic composition of the soil organic carbon (SOC) which averaged

about -18h. Nighttime δR was slightly depleted in the soybean plot relative to the δ13C

ratio of SOC at -22h due to the contribution of soybean respiration.

A note-worthy shift in the isotopic composition of ecosystem respiration (δR) occurred

in the corn and soybean chambers in the early evening. Immediately after the lights were

turned off at 2000 hr, δR sharply depleted in the corn chamber from -19.1 to -15.5h.

Values of δR remained at this ratio until 0100 hr, at which time it enriched to -16.1h and

remained close to this ratio until the lighting was turned back on at 0600 hr. In the soybean

chamber, a similar shift in δR occurred during this three hour window. Immediately after

the lighting was turned off, δR sharply enriched from -22.8 to -18.6h where it remained

until 0100 hr. At this time, δR in the soybean plot shifted dramatically, depleting to

-22.2 h and remained near this ratio until lighting was reactivated at 0600 hr. We

hypothesize that the three hour shift in δR observed in both the corn and soybean plots

was caused by post-photosynthetic processes. Based on chamber-TDL data, it appears

that autotrophic respiration (Fa) was diminished during this three hour period (2200 to

0100 hr). Supporting this claim is that during this period, δR from both vegetated plots

was very close to the isotopic composition of the soil organic carbon (SOC), suggesting

heterotrophic respiration was dominant. In addition, respiration rates (FR) during this

three hour period were 2 to 3 µmol m−2 sec−1 lower than the late night/early morning FR

values when autotrophic respiration was clearly a strong contributor. The diminished Fa

values during this three hour period may have been due to the inhibition of leaf respiration
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shortly after light termination. Barbour et al. (2007) found that the respiration rate in

bean leaves decreased rapidly within the first 20 minutes after light termination and

continued to slowly decrease for the next 5 hours. Further, Barbour et al. (2007) found

that the isotopic composition of leaf respiration enriched from -30.5h to -26.5h shortly

after light termination. This could explain the changes in FR and δR observed in the

soybean plot. To our knowledge, there have been no studies concerning post-illumination

changes in the carbon isotope ratio of respiration from C4 plants. Autotrophic respiration

may have also been affected by a time lag between biosynthesis of fresh photosynthate

and its translocation throughout the plant (Baldocchi et al., 2006; McCree, 1974).

Shifts in nighttime respiration (FR) and its isotopic composition (δR) reflected the

development of the crops grown in the chamber plots (Figures 5a and 5b). At the

beginning of the experiment, nighttime FR and δR were similar among the chamber plots

with values ranging from 4 to 5 µmol m−2 s−1 and -21 to -19h, respectively. On Day

5 of the experiment, shifts in FR and δR began to occur in the vegetated plots. FR

gradually increased in both vegetated plots after Day 5 due to the contribution of Fa,

with values as high as 7 µmol m−2 s−1 in the corn plot and 6 µmol m−2 s−1 in the

soybean plot. The gradual increase in Fa caused δR to steadily enrich in the corn plot

and deplete in the soybean plot, reaching -23.8 and -16.2h by the end of the experiment,

respectively. Nighttime δR in the bare soil control plot showed slight variability throughout

the experiment but consistently remained in between the corn and soybean plots, ranging

from -21.4 to -18.7h.

The ratio of Fa to the total FR was calculated using the bare soil control plot as an
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estimation of Fh in the vegetated plots (Figure 5c). Fa was then estimated by taking

the difference between nighttime FR in the vegetated plots and nighttime Fh from the

bare soil control plot. Using this method, Fa increased linearly in both the soybean and

corn plots. Fa from the corn plot reached 50% of the total FR before deceasing to about

20% by the end of the experiment due to plant damage caused by closure of the chamber

dome. Soybean Fa exhibited a relatively linear increase, reaching 38% of the total FR

before decreasing to about 20% by the end of the experiment.

3.4.3 Ambient CO2 and δa measurements

Ambient CO2 concentration (Ca) exhibited a strong diurnal pattern during last 15 days

of the experiment (Figure 4c). Ca was estimated from the CO2 concentration inside the
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chamber headspace immediately after closure. The ambient CO2 concentration inside

the greenhouse reached 415 µmol mol−1 at 0600 hr just before greenhouse lighting was

activated. Despite midday variability caused by watering events and general maintenance

to the chamber plots, Ca exhibited a gradual decline during the late morning throughout

the late afternoon, falling to 385 µmol mol−1 at 1400 hr. The gradual decline in Ca

during the afternoon is likely due to increased ventilation and fan activation to maintain

the midday greenhouse temperature. When the greenhouse temperature set point dropped

in the early and late evening, ventilation decreased. As a result, Ca inside the greenhouse

steadily rose from 1500 to 0600 hr due to a buildup of respired CO2 from the soil and

vegetation.

The diurnal pattern of the isotopic ratio of ambient greenhouse CO2 (δa) consisted of

nighttime depletion and late afternoon enrichment (Figure 4d). The diurnal variability in

δa was relatively low and similar to that observed in the atmospheric boundary layer during

the same time period, with nighttime and late afternoon values at -10.2h and -8.7h,

respectively. As the greenhouse air temperature increased during the late afternoon,

ventilation and fan activation also increased in order to maintain the temperature set

point. The incorporation of fresh outside air, which typically has an isotopic ratio of about

-8h, likely caused an overall enrichment of the isotopic ratio of ambient greenhouse air.

During the nighttime, the greenhouse ventilation system was not highly active, resulting

in a buildup of relatively depleted CO2 from the respiring soil and vegetation.
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3.4.4 Evapotranspiration measurements

Half-hourly values of evapotranspiration (ET ) from the vegetated and bare soil chamber

plots are shown in Figure 5a. Variation in the rate of water vapor loss appeared to be

controlled by the combination of 1) soil and leaf temperature, 2) the amount of water

added to each chamber, and 3) the development of the vegetation.

Water vapor flux exhibited a strong diurnal pattern in both the vegetated and bare soil

plots. In the bare soil plot, diurnal variability in soil evaporation (ES) showed a stronger

correlation to the daily air temperature pattern than the soil temperature pattern, reaching

a maximum at 1200 hr and a minimum at 0600 hr. While the diurnal pattern of ES

remained consistent, the magnitude of the diurnal signal was highly variable from day to

day. Variability was due to chamber irrigations every three to four days that caused spikes

in ES. Evaporation rates reached 3.0 to 3.5 mmol m−2 s−1 two hours after watering

and slowly decreased as air temperature in the greenhouse decreased, falling to 1.0 to

1.5 mmol m−2 s−1 the night after watering. Due to the combination of water loss from

evaporation and the infiltration of water into the soil column, midday ES was significantly

lower in the bare soil plot 24 hours after watering, reaching 1.8 to 2.3 mmol m−2 s−1 at

1200 hr. ES continued to diminish in the bare soil plot, reaching 0.6 to 0.8 mmol m−2

s−1 at midday of the third and fourth days after watering with nighttime values at 0.4 to

0.5 mmol m−2 s−1.

In the vegetated plots, evapotranspiration from the soil and vegetation (ET ) exhibited a

strong diurnal pattern similar to the soil evaporation signal from the bare soil plot, reaching

a maximum at 1200 hr and a minimum at 0600 hr. Immediately after watering events,
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ET from the vegetated chamber plots equaled soil evaporation from the bare soil chamber

plot. The water vapor efflux from the vegetated and bare soil plots remained similar for

the first 18 to 24 hours after each watering event. We hypothesize that the similarity in

values was due to the strong soil evaporation signal masking the plant transpiration signal

immediately after watering. Unlike in the bare soil plot, ET in the vegetated plots did not

experience a considerable drop off 24 hours after watering. Instead, ET from the vegetated

plots remained high due to the strong contribution of plant transpiration, with daytime

values ranging from 2.0 to 2.5 mmol m−2 s−1. Nighttime ET from the vegetated plots

remained higher than ES from the bare soil plot with values ranging from 1 to 1.5 mmol

m−2 s−1 during the first and second nights after a watering event to 0.7 to 1.1 mmol

m−2 s−1 during the third and fourth nights. Also affected by watering events was the
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vapor pressure deficit (VPD) between the atmosphere and the leaf surface (not shown).

Immediately after watering, VPD dropped to near zero inside of the chamber due to the

vapor pressure in the canopy nearly equaling the vapor pressure at the leaf. This sharp

decrease only lasted for about 4 to 6 hours after watering. At this time VPD increased,

reaching about 2.5 kPa during the daytime and 1.2 kPa during the nighttime.

3.4.5 Estimation of canopy conductance

Stomatal conductance for CO2 (gc) with soil evaporation included and excluded is shown

in Figures 4b and c, respectively. The overall pattern of the gc signal with soil evaporation

included exhibited rapid increases after watering events followed by gradual decreases

until the next watering event. Immediately after a watering event, gc spiked close to

0.2 mol m−2 s−1 in both vegetated plots due to high levels of soil water evaporation.

Conductance remained at this level for 18 to 24 hours after watering, at which point values

steadily decreased. The magnitude of decrease varied depending on the development of

the vegetation. Twenty four hours after a watering event, midday gc was 0.1 mol m−2 s−1

on Day 6 of the experiment with nighttime values at approximately 0.05 mol m−2 s−1.

On Day 14 of the experiment after vegetation had developed significantly, midday gc was

0.3 mol m−2 s−1 with nighttime values at approximately 0.15 mol m−2 s−1 one day after

a watering event.

Stomatal conductance for CO2 (gc) with soil evaporation removed (Figure 4c) exhib-

ited a much different signal than gc with soil evaporation included. Instead of a sharp

increase immediately after a watering event, gc without soil evaporation decreased sharply
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toward zero, falling to approximately 0.01 mol m−2 s−1. Low calculated values of gc

immediately after watering events were likely due to the strong soil evaporation signals

from the vegetated and control plots that effectively masked the plant transpiration signal

and caused the conductance calculation to be well underestimated. Calculated conduc-

tance values remained near zero for 18 to 24 hours after watering. At this point, the gc

signal without soil evaporation exhibited a strong diurnal pattern. The magnitude of the

diurnal variation was dependent on the development of the vegetation. On Day 6 of the

experiment, diurnal variation in gc was minor, reaching 0.05 mol m−2 s−1 at 1200 hr and

falling to 0.02 mol m−2 s−1 during the nighttime. As the vegetation developed, midday gc

increased in both vegetated plots. By Day 20, midday gc was 0.12 mol m−2 s−1 in both

vegetated plots with nighttime values near 0.02 mol m−2 s−1.

87



5 10 15 20
Hour of Day

 

 

F
R

F
P

F
N

5 10 15 20
−20

−15

−10

−5

0

5

10

15

Hour of Day

F
lu

x 
(µ

m
ol

 m
−2

 s
−1

)

 

 

F
R

F
P

F
N

(b)  Corn Plot(a) Soybean Plot

Figure 3.8: Diurnal ensemble of FN (black line) partitioned into FR (blue line) and FP

(green line) from the corn and soybean chamber plots. Ensemble averages were created
from the last 15 days of the experiment during peak growth.

3.4.6 Evaluation of the stable isotope partitioning method

Net CO2 exchange (FN) was partitioned into its photosynthetic and respiratory compo-

nents for both the corn and soybean chamber plots and shown in Figures 8a and 8b,

respectively. As expected, the FP pattern was very similar to the diurnal gc pattern in

both the corn and soybean plots. The photosynthetic flux (FP ) sharply increased after

greenhouse lighting was activated and reached about -15 and -13 µmol m−2 s−1 in in the

corn and soybean plots, respectively, from 1000 to 1500 hrs before decreasing to near 0

µmol m−2 s−1 in both plots after light termination.

Overall, FN partitioning was most effective when all the input variables were diurnally

averaged. The use of diurnal ensembling in this study was necessary to dampen noise in the

measurement signals, specifically gc shortly after watering events and δN during periods
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of low FN . Further, partitioning was only effective when the soil evaporation signal was

removed. When soil evaporation was included, photosynthesis (FP ) was overestimated

due to inflated gc values that caused unrealistic estimates of FP at night. Estimates of

FP in the corn plot were lower than field estimates by Zhang et al. (2006) when LAI

was between 1.5 to 2.5 m2. Lower FP was expected, however, because the chamber

vegetation did not have the same nutrient supply as field vegetation due to a lack of

fertilizer application. In addition, photosynthetically active radiation (PAR), which was

not measured, may have been lower in the greenhouse than in an agricultural field setting.

Daytime FR reached 10 µmol m−2 s−1 in both plots. In the soybean plot, the isotope

partitioning method yielded a realistic diurnal pattern of FR. Daytime FR values gradually

increased in the late morning before peaking in the mid afternoon. In the corn plot, the

daytime FR peaked at about 1200 hr before sharply decreasing at 1400 to 1800 due to

a decrease in FP during this period. FR values in the corn plot were generally less than

5 µmol m−2 s−1 during this period even though measured FR values from the bare soil

control plot were between 5 and 6 µmol m−2 s−1. Based on FR values from the bare soil

control plot, FR in the corn plot was underestimated during the afternoon until the early

evening.

While gc, δN , and FN had the greatest influence on the partitioned FP values, the

parameter φ also caused significant variation in the C4 partitioning. The parameter φ

is defined as the fraction of CO2 that leaks out of the bundle sheath and is refixed by

rubisco. For ecosystem scale partitioning studies, φ is usually assigned a value between

0.2 and 0.5 (Zhang et al., 2006; Evans et al., 1986). The value assigned φ in the C4
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Figure 3.9: Figure showing variation in estimated FP resulting from optimization of the
parameter φ using the C4 stable isotope partitioning method.

partitioning model has a direct influence on the calculated isotopic discrimination that

occurs during C4 photosynthesis. In this study, considerable variation in FP was observed

when φ was altered, with midday FP reaching -4 µmol m−2 s−1 when φ was assigned

a value of 0.2 and -16 µmol m−2 s−1 when φ was assigned a value of 0.5 (Figure 9).

To determine the optimal value of φ for this experiment, φ was initially set at 0.2 and

increased incrementally by 0.02 until nighttime FP shifted to zero. Using this criterion, φ

was assigned a value of 0.46.

Optimization of φ was tested by recalculating δN and the isoflux (Fδ) using the par-

titioned FP values with δP and δR set at -12 and -17h, respectively. Calculated results

were then compared to the measured values of δN and Fδ and shown in Figure 11. Overall,

calculated values of δN and Fδ strongly agreed with the measured values of δN and Fδ

when φ was optimized at 0.46 (r2 = 0.99, Figure 11e). A similar test was performed on

the C3 partitioning results, with δP and δR set at -26 and -24h, respectively. Testing of
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Figure 3.10: Figure showing the influence δR variation on estimated FP using the stable
isotope partitioning method for the a) soybean and b) corn plots. For both plots, δR was
allowed to vary by 4h, equal to the range of calculated nighttime δR values observed
during the experiment.

the C3 partitioning results revealed that calculated Fδ showed strong agreement with the

measured values (Figure 11b). Calculated δN , however, was consistently 3 to 5h more

depleted than the measured δN value, suggesting an overestimation of FP (Figure 11a).

Variation in the δR term also had a significant influence on partitioning for both the

corn and soybean plots (Figure 10). For the partitioning results shown in Figure 8, δR was

assigned a value of -23.1h for soybean plot and -16.9h for the corn plot. These values

were equal to the average nightly δR measurements observed during the experiment. To

test the influence of δR variation, values of δR were initially set at -20h for both plots,

equal to the isotopic composition of soil respiration prior to leaf emergence. While holding

all other partitioning parameters constant, values of δR were incrementally enriched in the

corn plot and depleted in the soybean plot with a step size of 0.5h. The δR values

were incrementally changed until they equaled the final δR values observed at the end

91



experiment, which was approximately -16h in the corn plot and -24h in the soybean

plot. Overall, variation in δR had a much greater influence on partitioning results in the

corn plot than in the soybean plot. When δR was set at -20h for the corn plot, FP was

estimated at about -9 µmol m−2 s−1. When δR was assigned a value of -16h, however,

estimated FP was nearly doubled with values close to -17 µmol m−2 s−1. A similar trend

was observed in the soybean plot, with estimated FP increasing from -12 to -16 µmol

m−2 s−1 when δR was shifted from -20 to -24h.

3.4.7 Partitioning using a nighttime temperature regression model

A common nighttime temperature regression model was used to compare partitioning

results with the stable isotope partitioning method (Figure 11). The regression model

estimated respiration (FR) using the Q10 relationship of FR = Fref Q10
(TS−10)/10. The

relationship was then applied to daytime temperatures to estimate FR when photosynthetic

uptake was present. Overall, FR showed little diurnal variation in both plots, with values

in the soybean plot reaching 5.5 µmol m−2 s−1 in the late afternoon and 4.3 µmol m−2

s−1 at 0500 hr just prior to greenhouse light activation. Respiration in the corn plot

was consistently higher than values in the soybean plot but exhibited even less diurnal

variation, reaching 6.0 and 5.3 µmol m−2 s−1 in the afternoon and late night, respectively.

Minimal diurnal variation in FR is due to the low temperature sensitivity of nighttime FR

in both vegetated plots. The Q10 values were 1.54 and 1.38 for the soybean and corn

plots, respectively. Despite the low Q10 values, nighttime variation in FR showed a strong

correlation with 5 cm soil temperature, with r2 values at 0.92 and 0.78 for the soybean
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Figure 3.11: Half hourly results of FN (black line) partitioned into FR (blue line) and FP

(green line) for the corn and soybean chamber plots. Panels on the right are the diurnal
ensembles of the half-hourly results.

and corn plots, respectively. For comparison, the Q10 value of FR in the bare soil control

plot was 2.02 and showed a very strong correlation with temperature (r2 = 0.98). Overall,

the temperature regression partitioning method yielded slightly lower values of FP than

the stable isotope partitioning method for both the corn and soybean plots (Figure 12).

Due to minimal diurnal variability in FR, FP closely followed the measured diurnal

FN signal, only offset by about 5 to 6 µmol m−2 s−1. Photosynthesis increased sharply

after greenhouse light activation and peaked from 1000 to 1200 hr before gradually de-

creasing in the late afternoon and evening. Despite light termination at 2000 hr, the

temperature-regression model indicated that photosynthesis was active until 2300 hr. This

inconsistency is likely due to the lack of sensitivity of the temperature-regression model to

diminished autotrophic respiration occurring in both chamber plots from 2000 to 2300 hr.
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Figure 3.12: One to one plots comparing modeled and measured values of δN and the
isoflux for the corn (Panels a and b) and soybean (Panels d and e) plots. Panels c and
f compare modeled FP values from the isotope and temperature regression partitioning
methods for the corn and soybean plots, respectively.

Since the temperature regression model was driven by temperature sensitivity rather than

physiological sensitivity, processes that are plant-derived instead of temperature-derived

were not accounted for.

3.5 Discussion

The use of an automated chamber system in a climate controlled greenhouse allowed

an in depth analysis of the advantages and disadvantages of both the stable isotope

and temperature-regression partitioning methods. By confining the vegetation within a

single chamber headspace, complete exchange of CO2 and water vapor between the soil,

biomass, and atmosphere could be measured. The main disadvantage of this methodology
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was that plant development was significantly affected by the the relatively small chamber

volume and analysis could only last for three weeks after leaf emergence. A larger growth

chamber such as a mesocosm should be used for future experiments to allow for greater

crop development. Nevertheless, important lessons and conclusions can be drawn from

these experiments.

Despite a limiting growing space, the methodology used for this study has several

advantages over other ecosystem-scale partitioning studies. First, measurement of the net

flux of CO2 (FN) inside of the chamber headspace does not have to rely on the presence of

turbulence for an accurate FN measurement. In partitioning studies that utilize the eddy

covariance method, a minimum level of turbulence is required, causing significant data

loss during the nighttime when ecosystem respiration can be analyzed directly (Reichstein

et al., 2005; Griffis et al., 2005; Bowling et al., 2001). In heterogeneous terrain, variability

in the flux footprint can further complicate eddy covariance partitioning studies (Griffis

et al., 2008). When using the automated chamber method, however, the FN calculation

is based on temporal change in CO2 concentration inside the chamber headspace. In

addition, a small fan inside the chamber headspace ensured a consistent level of turbulence

during sampling. Second, the isotopic composition of FN (δN) can be measured with much

better signal to noise ratios inside the chamber headspace than in a field setting using the

flux-gradient method. Typically, the isotopic flux-gradient method can only yield daytime

or nighttime averages of δN (or δR) due to poor signal to noise ratios (Drewitt et al., 2009).

In addition, CO2 gradients are difficult to resolve in the daytime due to strong mixing in

the surface layer, further increasing the uncertainty in the daytime δN value. Using the
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automated chamber method, however, δN was accurately measured on the hourly time

scale, although noise did increase in the early morning and evening when FN was near

zero. Despite these transition periods, δN measurements inside the chamber produced

reliable diurnal signals for both the corn and soybean plots that allowed more accurate

partitioning results. Third, plant transpiration could be estimated more accurately using

the automated chamber method than the Penman-Monteith method, which is often used

in ecosystem scale studies that assume a big leaf scenario (Ogée et al., 2003). A more

accurate plant transpiration signal was achieved because the soil evaporation signal was

effectively removed from the total ET signal by utilizing a bare soil control plot. With

soil evaporation included, values for the stomatal conductance for CO2 (gc) were doubled

and caused unrealistic partitioning results. With the soil evaporation signal removed, the

gc measurement could better represent the true leaf conductance for CO2.

Although estimation of gc was relatively successful using a the chamber-TDL method,

the first 18 to 24 hours of gc values immediately after a watering event had to be discarded

because the strong soil evaporation signals in the vegetated and bare soil plots essentially

masked the true plant transpiration signal. This situation resulted in low estimations

of transpiration when using Equation 11 and caused the calculated gc value to be near

zero even though photosynthetic uptake was occurring during this time period. This

scenario raises an important concern with using a separate, bare soil control plot to filter

out soil evaporation in the vegetated plots. Without the shading effect the vegetation

provides, soil evaporation in the bare soil plot was likely higher than soil evaporation in the

vegetated plot. The lack of shading likely led to an overestimation of soil evaporation in
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the vegetated plot and caused a decrease in the true plant transpiration signal, leading to

decreased conductance calculations. While the removal of soil evaporation is an essential

component of the stomatal conductance calculation, artificial shading effects should be

applied to the bare soil plot in future studies.

Partitioning of FN was most effective when the input variables were diurnally ensem-

bled. This approach is commonly used when partitioning using the stable isotope method

(Zhang et al., 2006; Griffis et al., 2004b; Bowling et al., 2001). In this study, diurnal

ensembling was necessary to dampen noise in the measurement signals, specifically gc

shortly after watering events and δN during periods of low FN . As expected, diurnal

FN partitioning indicated photosynthetic uptake closely followed the diurnal gc pattern,

increasing sharply after greenhouse lighting was activated followed by a sustained maxi-

mum during the midday and a sharp decrease in the late afternoon and evening. While gc

was much lower than in past partitioning studies (Zhang et al., 2006; Ogée et al., 2003),

the corn and soybean plants could only reach early growth inside the chambers. Since

most ecosystem-scale partitioning studies are performed once the vegetation has reached

a more mature stage, we feel the gc values from this study are reasonable considering the

stage of crop development.

Although partitioning results were very smooth using the temperature regression method

and half-hourly resolution could be achieved, key physiological processes were overlooked.

This conclusion supports Reichstein et al. (2005) who found the temperature-regression

method useful only when temperature was the main driver of FR. Specifically, the tem-

perature regression model overlooked the two to three hour period immediately after
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light termination when plant respiration was diminished due to the apparent lag in au-

totrophic respiration associated with translocation of photosynthate throughout the plant.

Soil temperature during this three hour period, however, exhibited little change. Since

temperature was unaffected, modeled FR was unaffected, keeping FR high and forcing

modeled photosynthesis to be active until 2300 hr due to the mass balance principle.

Using the isotope method, this period of decreased FR was better represented because

the gc measurement indicated that little CO2 uptake was occurring. Partitioning using

stomatal conductance caused modeled FP to be near zero and ultimately caused modeled

FR values to be similar to measured FN values.

Despite differing methodologies, partitioning on the ecosystem scale had similar chal-

lenges and sources of uncertainty as partitioning on the chamber scale. Billmark and

Griffis (2009) combined eddy covariance and TDL techniques to partition FN by measur-

ing the net isotopic flux of carbon (Fδ) directly above an agricultural ecosystem during a

soybean growing season. An advantage of the EC-TDL method is that only one sample

inlet is required since Fδ can be measured directly using eddy covariance. This technique

eliminates possible inlet biases associated with the flux gradient approach. Another ad-

vantage of using the EC-TDL method is that the underestimate of midday FP observed

when using the flux-gradient and chamber-TDL methods is not present when using this

method (Bowling et al., 2003; Zhang et al., 2006). This study found that during peak

growth, partitioning of FN using the EC-TDL method indicated a sharp increase in FP

shortly after sunrise and reaching -25 µmol m−2 s−1 by 1000 hr (Figure 13, modified from

Billmark and Griffis, 2009). Photosynthesis remained at this level until 1300 hr before
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gradually decreasing to -10 µmol m−2 s−1 at 1900 hr.

Billmark and Griffis (2009) also analyzed isotopic flux-gradient data and determined the

isotopic composition of respiration (δR) was profoundly influenced by plant respiration,

which carries an isotopic signature similar to the photosynthetic pathway of the plant.

During peak growth of the 2006 soybean growing season, nighttime δR was 10h more

depleted than values before planting due to the strong influence of soybean respiration.

A similar trend in the opposite direction occurred during peak growth of the 2005 corn

growing season when δR became 14h more enriched than values before planting. This

finding shows that changes in the phenology of the vegetation can undermine the ability to

utilize flux partitioning techniques that require the isotopic compositions of photosynthesis

(δP ) and respiration (δR) to be in disequilibrium.

The strong influence of plant respiration on C3 and C4 partitioning results was also

observed using the chamber-TDL method. Although δR varied by only about 4h over

the course of the experiment, estimates of the photosynthetic flux (FP ) were altered

significantly due to changes in the δR value. This indicates that δR cannot be assumed

constant when using the stable isotope partitioning method.

As with the chamber-TDL method, a major challenge when using the EC-TDL method

is the uncertainty associated with the bulk canopy conductance calculation (gc). Tradi-

tionally, ecosystem-scale gc is calculated by taking the inverse of the Penman-Monteith

equation (Billmark and Griffis, 2009; Zhang et al., 2006; Bowling et al., 2001). This

method, however, introduces several independent environmental measures, including tem-

perature, vapor pressure deficit (VPD), and latent and sensible heat. Each additional

99



1 4 8 12 16 20 24
−40

−30

−20

−10

0

10

20

Hour of Day

F
 (

µm
ol

 m
−2

 s
−1

)

 

 

Ensemble for August, 2006
EC−TDL Method

F
N

F
A

F
R

Figure 3.13: Diurnal ensemble of FN (black circles) partitioned into FR (blue squares) and
FP (green triangles) using the EC-TDL method during peak growth of the 2006 soybean
growing season.

measurement carries its own level of uncertainty and noise. When these measures are

incorporated into the Penman-Monteith equation, the propagation of error can be sig-

nificant, leading to uncertainty as high as 30% (Zhang et al., 2006). Further, the gc

calculation using the Penman-Monteith equation includes the unknown contribution of

soil evaporation, which this study has shown can double the gc value if left unfiltered.

Another concern using the Penman-Monteith method is that gc, a physiological parame-

ter crucial to the stable isotope partitioning model, is calculated using only environmental

variables. This method can create additional uncertainty since there is usually a time lag

associated with plant response to changes in environmental conditions. As was the case

when using the chamber-TDL method, the EC-TDL method was most effective when

model parameters were diurnally ensembled due to noise in the gc and isoflux signals. As
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a result, temporal resolution was significantly diminished using both methods.

This study has shown that while temperature-driven partitioning models yield adequate

results, isotopic partitioning models yield results that are more realistic physiologically on

the diurnal time scale. This conclusion indicates that the main factors that drive the

isotope partitioning model are directly influenced by physiological shifts within the plant.

Temperature driven models, therefore, may be more suited for partitioning FN on the

seasonal time scale where model results can afford to be less sensitive to changes in

physiological processes. For FN partitioning on the diurnal time scale, we feel the stable

isotope method produces values that better reflect daily physiological changes.

3.6 Conclusions

The findings from this study demonstrate that stable isotope spectroscopy can be com-

bined with an automated chamber system to isolate the individual component fluxes of net

ecosystem CO2 exchange (FN) between the soil, vegetation, and atmosphere. Use of the

chamber-TDL sampling method in a climate controlled greenhouse allowed for a critical

analysis of stable isotope partitioning theory. Overall, the stable isotope method produced

reliable partitioning results for both the corn and soybean plots, although variation in δR

and φ can cause partitioning results to change significantly. Due to this variability, shifts

in δR must be accounted for in future partitioning studies that utilize stable isotope tech-

niques. Further, partitioning using stable isotope methodology may not be suitable for

seasonal-scale analysis due to the significant shifts observed in δR. Instead, techniques

such as the temperature-regression partitioning method may be more reliable at predicting
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seasonal scale changes in the component fluxes of net ecosystem CO2 exchange. Stable

isotope partitioning, therefore, may be more suited to shorter time periods throughout a

growing season. Specifically, this study found that:

1. Measurement of δN using the automated chamber system indicated strong diurnal

variation in both the corn and soybean plots. Immediately after light activation,

δN became depleted in the soybean plot and enriched in the corn plot, suggesting

photosynthesis was the dominate process in the early morning to late afternoon.

Based on the diurnal δN and gc signals, photosynthesis (FP ) was strong in the corn

plot until light termination at 2000 hr, whereas FP in the soybean plot tapered off

in the late afternoon and early evening.

2. In both the corn and soybean plots, the canopy conductance signal exhibited a more

realistic pattern when the soil evaporation term was removed than when the con-

ductance and evaporation terms were included. Without the strong soil evaporation

signal included, the gradual increase in gc reflected the increased development of

the vegetation. After watering events, the ES signal effectively masked the true

plant transpiration signal for up to 48 hours, accounting for approximately 60 to

80% of the total ET signal during this time period.

3. Partitioning using the chamber-TDL method produced realistic diurnal values of FR

and FP for both the corn and soybean plots. As expected, FP closely followed the

gc signal in both plots. In the corn plot, this method underestimated Fp in the late

afternoon so the modeled values for FR were less than those obtained from the

bare-soil control plot.
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4. Variation in the isotopic composition of respiration (δR) caused partitioning results

to change by as much as 8 µmol m−2 s−1 in the corn plot and 4 µmol m−2 s−1 in

the soybean plot. Variation in δR, caused by the steady increase in plant respiration

over the course of the experiment, must be addressed in future partitioning studies

that utilize stable isotope partitioning theory.

5. Calculation of gc using the Penman-Monteith equation is the most significant con-

cern when using the EC-TDL partitioning method. Added noise from independent

environmental measurements, lack of physiological sensitivity, and over parameter-

ization all contributed to uncertainty in the gc calculation.

6. Partitioning using the temperature regression method yielded smooth diurnal and

half-hourly signals but lacked sensitivity to plant-derived processes that affected FN ,

such as inhibited leaf respiration while photosynthesis was active. Due to this lack

of sensitivity, temperature regression partitioning models may be better suited for

seasonal time scales.
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Chapter 4

Thesis Conclusions

The results from this thesis research demonstrate that automated chamber and stable iso-

tope methodologies can be combined and successfully applied in an agricultural ecosystem

to isolate the individual component fluxes of net ecosystem CO2 exchange (FN) between

the soil, vegetation, and atmosphere. Use of the chamber-TDL technique in a C3/C4

managed ecosystem and a climate controlled greenhouse allowed for successful partition-

ing of not only FN into its photosynthetic (FP ) and respiratory (FR) components but

also soil FR into its heterotrophic (Fh) and autotrophic (Fa) components. Further, the

chamber-TDL technique was able to isolate potential challenges and problems associated

with chamber sampling and partitioning of both FN and FR on the ecosystem scale.

In addition to partitioning FN and FR, application of the chamber-TDL and flux-

gradient methods demonstrated that stable isotope methodologies can yield valuable in-

sights into the biophysical factors controlling the flux of CO2 within an ecosystem. By

relating the isotopic flux of CO2 within an agricultural ecosystem with climatological and
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phenological data, unique information about shifts in the sources and sinks of CO2 could

be identified on both the diurnal and seasonal time scales. In addition, data from the

chamber-TDL system was related to climatological data such as friction velocity, wind

speed, surface and soil temperature, and upper soil moisture to isolate periods of non-

steady state CO2 exchange at the soil-atmosphere interface. These periods, specifically

midday during early growth, caused chamber measurement of the isotopic composition of

FR (δR) to be enriched due to lateral diffusion of enriched upper soil CO2.

The results from this thesis research may benefit future studies that utilize automated

chamber techniques to measure the isotopic composition of soil respiration. Also, this

research may help validate regional and global carbon cycle models that utilize stable

isotope techniques to estimate spatial and temporal changes in the budget of atmospheric

CO2. Specifically, the major findings from this research include:

1. The chamber-TDL method was successfully applied in an agricultural ecosystem to

examine variation in the component fluxes of soil respiration (FRS
) during a corn

growing season. Isotopic soil flux data suggested root respiration linearly increased

as the corn developed, accounting for up to 55% of the total FRS
during peak

growth. In addition, nightly averages of the isotopic composition of FRS
(δRS

) where

consistently 2 to 4h more depleted than isotopic flux-gradient measurements of

gross ecosystem respiration during the same time period. The relatively depleted δRS

signal indicates the strong influence of above ground respiration on the total isotopic

composition of ecosystem respiration (δR). Analysis of nighttime δR values allowed

for insight into the main factors controlling temporal variation in the component
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fluxes of FR. On the seasonal time, strong shifts in δR indicated that variation

in FR was ultimately driven by shifts in the rate of photosynthesis (FP ). When

the corn and soybean crops entered rapid growth and FP increased, autotrophic

respiration (Fa) also increased, enriching the δR signal during corn growing seasons

and depleting the δR during soybean seasons. Seasonal FP variability was controlled

mainly by crop development, but availability of soil water also had a major influence

as well. When FP decreased due to water stress, Fa also decreased and caused δR

to shift closer to the isotopic composition of the soil organic carbon (SOC).

2. Use of the chamber-TDL method allowed for in-depth analysis of steady and non-

steady state CO2 exchange at the soil-atmosphere interface during a corn growing

season. Data from the chamber-TDL sampling system was related to climatologi-

cal data to isolate periods when non-steady state exchange was most pronounced.

During early corn growth when the soil surface was highly exposed, non-steady state

conditions were most pronounced during the mid to late morning when turbulence

was high and soil respiration (FRS
) was relatively low. During chamber sampling,

turbulent conditions at the soil surface created a pressure gradient between the

sheltered chamber soil (low pressure) and the exposed surrounding soil (high pres-

sure). This scenario caused enriched upper soil CO2 to laterally diffuse inside of the

chamber collar. Mid-morning chamber values of δRS
during early growth became

enriched by up to 7h more enriched that the expected isotopic composition of the

SOC. Higher rates of soil respiration in the late afternoon appeared to decrease

the influence of non-steady state conditions at the soil surface. Heavy rain events
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also diminished lateral diffusion by saturating the upper soil and decreasing CO2

exchange between the soil and atmosphere. During peak corn growth, chamber

and climatological data indicated the invasion flux had less influence on δRS
due to

the sheltering effect of the mature corn plants. As a result, the diurnal δRS
signal

better represented variation from biological sources. During peak growth, δRS
was

most enriched in the mid to late afternoon when both soil temperature and micro-

bial activity were highest. This relationship indicates that diurnal variability in root

respiration and microbial consumption of root exudates had a strong influence on

the diurnal δRS
signal.

3. Partitioning of FN into FP and FR using the chamber-TDL method in a climate

controlled greenhouse produced realistic diurnal values for both the corn and soybean

treatments. Chamber data indicated the isotopic composition of FN (δN) and

the stomatal conductance for CO2 (gc) had the largest influences on estimated

of FP values. Use of the chamber-TDL method allowed for direct measurement

of gc, avoiding the Penman-Monteith method which can contribute high levels of

uncertainty to the partitioned results. Partitioning was most effective when the

model components were diurnally ensembled. Ensembling was necessary to dampen

noise in the measurement signals, specifically gc shortly after watering events and

δN during periods of low FN . Despite the relatively high noise, the stable isotope

partitioning method yielded results that were more realistic physiologically on the

diurnal time scale than the temperature-regression partitioning method. Partitioning

using the temperature regression method yielded smooth diurnal signals but lacked
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sensitivity to plant-derived processes that affected the component fluxes of FN . Due

to this lack of sensitivity, temperature regression partitioning models may be better

suited for seasonal time scales where model results can afford to be less sensitive to

changes in physiological processes.
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