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Abstract

MODELING CARBON DYNAMICS IN AGRICULTURE AND FOREST

ECOSYSTEMS USING THE PROCESS-BASED MODELS

DayCENT AND CN-CLASS

KUO-HSIEN CHANG

University of Guelph, 2011

Advisor:

JON S. WARLAND

This thesis presents the first modeling study on long-term carbon dynam-

ics for the University of Guelph Elora Agricultural Research Station and the

Environment Canada Borden Forest Research Station at the daily and half-

hourly time-step. The daily version of the CENTURY (DayCENT) model

and the Carbon- and Nitrogen-coupled Canadian Land Surface Scheme (CN-

CLASS) model were validated for quantifying the effects of agricultural man-

agement and component respiration on the carbon budget.

DayCENT indicated that conventional tillage (CT) enhanced the annual

heterotrophic respiration relative to no-till (NT) by 38.4, 93.7 and 64.2 g C

m−2 yr−1 for corn, soybean and winter wheat, respectively. The seasonal

variation of total soil organic carbon (SOC) pool was greater in CT than NT

due to tillage effects on carbon transfer from the active surface SOC pool to

the active soil SOC pool at a rate of 50–100 g C m−2 yr−1. NT accounted

for a 10.7 g C m−2 yr−1 increase in the slow SOC pool (20-year turnover

time) at a site in Elora, Ontario, Canada.

I found that the plant phenology algorithms used in CN-CLASS were

not constructed and validated for crop growth, resulting in a high degree



of uncertainty in the simulations. Therefore, I designed and tested a new

agricultural module for CN-CLASS. The regression analysis indicated that

the new crop module improved the net ecosystem productivity (NEP) sim-

ulation for a cornfield, with the coefficient of determination (r2) of annual

NEP increasing from 0.51 in the original CN-CLASS to 0.78 in the modified

version of the model.

I verified CN-CLASS to simulate the dynamics of component respira-

tion for tracing the contributions from litterfall, SOC and root respiration

in a deciduous mixedwood forest in Borden, Ontario, Canada. The model

estimated that the annual ecosystem CO2 respiration was ∼1366 g C m−2

yr−1, contributed by heterotrophic respiration (57%), maintenance respi-

ration (37%) and growth respiration (6%). The annual accumulated soil

respiration was estimated at ∼782 g C m−2 yr−1, which was dominated by

CO2 emissions from soil organic matter (60%). The base respiration rates

required further verification based on field measurements.

Based on the verified modeling approach in this thesis, the modeling core

of DayCENT can be constructed as an integral platform for Agriculture and

Agri-Food Canada National Carbon and Greenhouse Gas Accounting and

Verification System. The crop phenological module in CN-CLASS allows us

to conduct further agricultural studies concerning global carbon budget and

environmental change. The validated respiration algorithms in CN-CLASS

would be helpful in developing global biological CO2 transport model for

tracing emission sources.
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Chapter 1: Introduction

1.1 Introduction

The simulation of long-term carbon dynamics in terrestrial ecosystems –

reflecting interactions between soil, biosphere and atmosphere – is an im-

portant component in the studies of climate change (Falkowski et al. 2000;

Schimel et al. 2001). To increase the understanding of long-term carbon dy-

namics, process-based land surface models have been used to describe hydro-

logical, ecological and biogeochemical processes (Bonan 1996; Parton et al.

1998; Randall et al. 1996; Verseghy 1991). A comprehensive examination of

process-based land surface models based on long-term field measurements

is necessary to provide a validated modeling approach for climate change

research.

The process-based land surface models are usually designed and con-

structed based on the field measurements that obtained from coniferous

forest ecosystems. Although these models have been applied to the other

ecosystems for assessing global carbon budget, these models presented a very

poor modeling performance on carbon exchange simulation particularly for

non-forest ecosystems in cropfield, grassland and wetland (Schwalm et al.

1



2010). This poor carbon exchange simulation causes a large uncertainty

on the contribution of terrestrial ecosystems to the global carbon balance.

Uncertainty also exists in the projections of future contributions of the land

surface to the global carbon budget. With an increasing number of climate

change research using the land surface models, it is urgent for scientists to

test and improve these models for agriculture comprehensively.

Recently, several studies indicated that the uncertainty in climate projec-

tions can be reduced by improving the modeling of plant phenology (Arora

and Boer 2005; Schwalm et al. 2010) and agricultural management practices

(Del Grosso et al. 2008a). Crop phenology regulates the carbon exchange

diurnally and seasonally throughout the biological processes of photosyn-

thesis, plant development and carbon allocation. An accurate modeling

mechanism for these biological processes gains the scientific confident for

accounting carbon budget and CO2 emissions. Furthermore, agricultural

management practices influence carbon fluxes through surface soil distur-

bance and terrestrial carbon sink/source expansion. Tillage practice, crop

rotation and fertilizer application need to be taken into account for model-

ing the carbon budget in agriculture. “Balancing the carbon budget” refers

to the state of the science in evaluating the terms of carbon allocation and

respiration. Since the carbon dynamics are calculated by the effects of bi-

otic/abiotic effects on carbon allocation, sensitivity analysis on the algorithm

of carbon allocation leads to a better understanding of parameterization in

process-based land surface models.
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Regarding quantifying the global carbon budget, forest ecosystem plays

an important role in terrestrial carbon stock due to its 30% of global land

cover. In particular, the deciduous forests have a large capacity for the

carbon uptake and also transform assimilated carbon to plant biomass and

autotrophic respiration. Due to a significant amount of litterfall annually

for the decomposition of soil organic carbon, the soil respiration becomes a

hot topic for evaluating the CO2 contribution from litterfall and the mecha-

nism of decomposition in the forest ground. Lately, the bulk soil respiration

has been well documented in both the field measurement and the modeling

approach. However, the partitioning of soil respiration still requires an ad-

vanced technique for field measurements and a comprehensive examination

for each respiration algorithm in the process-based land model. Since a di-

rect approach for model validation in soil respiration simulation requires a

comparative field measurement (e.g., litterfall measurement, below-ground

biomass measurement and stable isotope CO2 measurement), an alterna-

tive model validation can be achieved by examining the dynamics of plant

growth and its associated respiration. This indirect approach provides a

comprehensive examination for the future model development and the field

experiment design. In addition, measuring long-term carbon dynamics at

the daily and half-hourly time-step is very expensive and the measurements

usually contain a certain amount of missing data and it only represents the

carbon cycle at a specific region. It is necessary to verify the current res-

piration algorithms for gap-filling the missing data and also for accounting

3



carbon budget in a large area.

This thesis is targeted to validate and improve two process-based models

– DayCENT (the daily version of the CENTURY model) and CN-CLASS

(the Carbon- and Nitrogen-coupled Canadian Land Surface Scheme), for

simulating plant growth and carbon cycle in my agricultural and forest study

sites. The model validation and improvement requires intensive field mea-

surements for soil properties, plant functional types, climate conditions and

historical/current management practices. The field experiments were carried

out in the Elora Research Station (ERS) and the Borden Forest Research

Station (BFRS) in Southern Ontario, Canada. This is the first modeling

study of using DayCENT and CN-CLASS in my study sites for quantify-

ing long-term carbon dynamics at the daily and half-hourly time-step. The

scope of this thesis is focused on: quantifying carbon cycles in conventional

and no-till agriculture; improving a crop phenology module in a land surface

model; and investigating respiration algorithms in forests.

1.1.1 Modeling the Effects of Conventional Tillage and No-till Practices

on the Carbon Cycles

Due to the land-use history in Canada (Larson et al. 1999), significant

changes in soil carbon occurred during the transition from cold temperate

mixed forest to the agricultural period around 1875 A.D. During this pe-

riod, soil organic carbon pools depleted from 8300 g C m−2 to 3400 g C m−2

(Smith et al. 2000b; Wanniarachchi et al. 1999). Due to post-deforestation,
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the effective factors that regulate carbon cycles and carbon sequestration

are recognized as tillage practice and crop rotation. Evaluating the effects

of agricultural management practices on the process of soil organic carbon

decomposition and soil CO2 emissions is needed for devising strategies for

mitigating global warming (Jenkinson et al. 1991).

The effects of tillage practice on crop residue distribution in the surface

soil relate to complex mechanisms controlling soil organic carbon dynamics

(Campbell et al. 2001; Parton et al. 1987). Tillage practice influences the

transformation of crop residue among the litter and soil organic carbon

pools (Robertson et al. 2000; Six et al. 2004). Modeling the dynamics of the

various carbon pools in agriculture provides a useful approach for evaluating

the long-term effect of tillage practices. In addition, the above- and below-

ground biomass play important roles in providing a carbon source in the

process of soil organic carbon formation (Desjardins et al. 2005; Paustian

et al. 1997).

1.1.2 Improving the Simulations of Crop Phenology

The quantity and quality of crop residue are related to crop species and

crop phenology. Modeling crop growth is regarded as a fundamental step

to have an accurate estimation of carbon cycle in agriculture. Over the

past 300 years, the global reduction of total forest area was ∼20%, with

∼50% of that land having been transformed to other uses by humans –

including a 466% increase in cropland distribution (Goldewijk 2001). The
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expansion of agricultural lands is a major land use change, occupying ∼35%

(18×106 km2) of the global land surface (Goldewijk 2001). These regions

will most likely continue to be managed and modified by human activities,

resulting in significant impact to biogeochemical cycles on both a regional

and a global scale (Alcamo 1998). Because carbon dynamics depends on the

plant functional type in an ecosystem, accurate carbon modeling requires

correct simulation of each type’s phenology.

Accurate carbon budget quantification for agriculture relies on the real-

istic mechanism of modeling crop phenology (Arora and Boer 2005; Schwalm

et al. 2010). Crop phenology influences the net carbon exchange and physical

processes such as water and energy fluxes in the soil-vegetation-atmosphere

continuum (Molod et al. 2003). Since crop phenology is also regulated by

agricultural management practices, the algorithm of describing plant growth

remains one of the most complex processes to parameterize in land surface

models. A crop-specific phenology algorithm and an agricultural scheduling

module in the land surface models would mitigate most of the uncertainty

of estimating net carbon exchange (Smith et al. 2000a).

Many land surface schemes were developed and validated using forest

data sets including boreal, temperate deciduous, and coniferous plant func-

tional types (Krinner et al. 2005). The appropriate representation of phenol-

ogy and carbon allocation for crops is not well established in these land sur-

face models (Arora and Boer 2005; Hansen et al. 2006; Osborne et al. 2007).

Modifying it can be carried out in three ways: giving an agricultural schedule
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(Kothavala et al. 2005); constructing the carbon partitioning/phenological

stage algorithm (Lokupitiya et al. 2009); and constraining leaf area index

based on climatic factors (Yuan and Bland 2004). None of these approaches

has been fully established for a land surface model, and there is a need for a

realistic modeling mechanism representing agro-ecosystems, designed at the

agricultural management level and integrated into global climate models.

1.1.3 Examining the Respiration Algorithms for a Deciduous Forest

Temperate deciduous forests play an important role in the global carbon

cycle and are sensitive to climate change (Baldocchi and Vogel 1996; Black

et al. 2000; Lindroth et al. 1998). In temperate deciduous forests, soil respi-

ration is the second largest carbon flow after gross ecosystem photosynthesis

(Teklemariam et al. 2009). The mechanism of soil respiration needs to be

examined carefully for an accurate estimation of the carbon budget. How-

ever, several studies have pointed out that the soil respiration dynamics are

influenced by many factors, such as climate (Keith et al. 1997; Urbanski

et al. 2007), species composition (DeForest et al. 2009), stand age (Tang

et al. 2009), litterfall (Raich and Tufekcioglu 2000; Longdoz et al. 2000) and

soil properties (Khomik et al. 2006; Russell and Voroney 1998). Adopting

a process-based model to simulate carbon cycles at a high temporal resolu-

tion helps to take these biotic/abiotic factors into account when examining

respiration algorithms.

Several challenging issues have been raised regarding the respiration par-
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titioning using a process-based model (Harden et al. 1997; Khomik et al.

2006; Russell and Voroney 1998). The most challenging work is to vali-

date respiration algorithms in the process-based models due to few field

measurements for each potential emission source and its associated respira-

tion efficiency. An accurate respiration simulation can be approached best

by examining the dynamics of biomass accumulation and carbon alloca-

tion, because the size of carbon pools for each emission source regulates

the quantity of respiration in land surface models. Ecosystem respiration is

also linked to and governed by phenology in process-based models; there-

fore, it is necessary to validate each respiration algorithm for more reliable

carbon cycle studies. The response of these respiration algorithms to car-

bon dynamics is different in various ecosystems. Two major climatic factors

in the respiration algorithms are soil water content and temperature which

regulate the sensitivity of respiration to a changing environment (Khomik

et al. 2006; Longdoz et al. 2000; Raich and Tufekcioglu 2000). The examina-

tion of the effects of climatic factors on soil respiration helps us to validate

respiration estimation. The validated respiration algorithms provide a mod-

eling approach to simulate the dynamics of growth respiration, maintenance

respiration and heterotrophic respiration.

1.2 Modeling Strategy and Methodology

To tackle the research issues identified, this thesis targets examination and

improvement of the DayCENT model and the CN-CLASS model for agricul-
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tural and forest ecosystems. The DayCENT model is a land surface model

developed for the daily version of the CENTURY ecosystem model (Parton

et al. 1998). To date, DayCENT, or its pertinent algorithms, have been de-

scribed in the peer-reviewed scientific literature and well-documented with

over 1000 citations. This validation of modeling carbon cycles provides a

track record of relevant peer-reviewed scientific publications that ensures

the basic algorithms within the model are valid.

The CN-CLASS was named as the Carbon and Nitrogen version of

the Canadian Land Surface Scheme (CN-CLASS, Arain et al. 2002; 2006)

evolved from the CLASS model (Verseghy, 1991; Verseghy et al. 1993), a

land surface scheme developed for use in the Canadian global climate model

(CGCM). Although these two models have been adopted for simulating car-

bon dynamics in a wide range of ecosystems, further improvement of the

plant growth submodels and the carbon algorithms in complex agricultural

management systems and deciduous forests is needed urgently.

This study concerns several new model developments for agriculture and

forests. Chapter 2 uses the DayCENT model to report the long-term dy-

namics of carbon in conventional tillage and no-till practices during the pe-

riod 2000 to 2008. Chapter 3 describes an application of a crop phenology

scheme and agricultural module for the CN-CLASS model, while Chapter

4 examines the carbon respiratory functions in the CN-CLASS model for

temperate deciduous forests. Each of these examinations and model modi-

fications were carried out at half-hourly and daily time-steps based on field
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measurements. Chapter 2 initializes the agricultural simulations and Chap-

ter 3 adopts the the results of Chapter 2 for improvements in the CN-CLASS

model; Chapter 4 focuses on the heterotrophic respiration for forests follow-

ing the CN-CLASS modeling work in Chapter 3.

In Chapter 2, the DayCENT model was validated to examine the role of

decomposition in influencing the carbon budget at the University of Guelph

Elora Research Station in Southern Ontario. The model was first carried out

by simulating a 5000-year equilibrium to ensure the development of steady-

state and representative SOC pools. It is followed by a nine-year simulation

of different agricultural management practices. For testing crop phenology,

a growing degree day module was adopted instead of a fixed date of harvest.

The parameters were validated based on the ecological/agricultural man-

agement history, and measurement of total soil organic carbon, grain-yield

production, above-ground biomass, soil temperature and soil water content.

This modeling approach is able to evaluate the effect of cultivation on carbon

dynamics. The objective of Chapter 2 is to demonstrate that the validated

DayCENT model is indeed effective for evaluating the effects of agricultural

management practices on carbon dynamics.

Chapter 3 describes the improvement of a process-based land surface

scheme for agriculture. A crop-specific phenology scheme and an agricul-

ture module were developed within the modeling mechanism of CN-CLASS

to simulate plant growth, carbon allocation and net carbon exchange. Most

land surface schemes in general circulation models have been developed for
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forest ecosystems. With increasing concerns over the carbon cycle in agri-

cultural ecosystems, the modeling mechanism for crops needs further de-

velopment and validation with field measurements and other validated crop

models. This chapter discusses the improvement of modeling crop phenology

using a growing degree days algorithm and carbon allocation functions for

crops. These changes are significant in carbon dynamics; the modified CN-

CLASS model indicates the carbon sink/source simulation was improved by

adopting a crop-specific phenological approach for agriculture.

Chapter 4 is an extension of the work of Chapter 3, focusing on the ex-

amination of carbon respiration algorithms and the relationship among soil

climatic factors, soil respiration, and plant growth. This work improves the

parameters for simulating respiratory loss and carbon stocks in CN-CLASS

for temperate deciduous mixedwood forests at Environment Canada Borden

Forest Research Station, Ontario. Improved parameters result in being able

to quantify and partition soil CO2 emission contribution from litter and SOC

pools in deciduous forests. This method enables us to relate the sensitivity of

respiration on climate change, and also permits us to work with net carbon

exchange. The soil respiration-climate relationship is examined based on

the soil CO2 fixed/survey chamber experiment. The respiration algorithms

allow us to partition the contribution of soil respiration sources from litter-

fall, soil organic matter and root respiration. This information leads us to

conclude that CN-CLASS is currently capable of simulating component res-

piration contribution to the ecosystem carbon budget and anticipates future
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sophisticated parameterization.

Chapter 2, 3, and 4 are written in the form of papers for submitting to

conference proceedings and refereed journals. Chapter 5 presents a summary

of the significant conclusions and model improvements in this thesis.
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Chapter 2: Using DayCENT to Simulate

Carbon Dynamics in Conventional and No-till

Agriculture

ABSTRACT

This study presented the first modeling work to examine the effects of

conventional tillage (CT) and no-till (NT) practices on the dynamics of soil

organic carbon (SOC) in a long-term (nine-year) rotational cropping system

in Southern Ontario, Canada, in order to determine the potential for these

tillage practices to mitigate increases in atmospheric carbon dioxide con-

centrations. We used site properties, eddy covariance measurements and a

chamber experiment to assess heterotrophic respiration (Rh), net ecosystem

productivity (NEP) and SOC changes during the period 2000 to 2008. In

order to integrate information on the impact of tillage management on crop

residue decomposition, we simulated CT and NT effects using the Day-

CENT model over a nine-year period. I parameterized and validated an

equilibrium simulation of 5000 years to ensure that the model was stable,

followed by a simulation of the study period using measured meteorological

data and recorded management practices. The growing degree day method

13



was also adopted in the crop growth simulation to regulate the duration of

the growing season.

My investigation suggests that no-till soil management would result in

the annual Rh reduction, while increased temperature and soil water content

occurring in conventional tillage soil management would result in a signif-

icant increase in Rh by 94% during the spring thaw period. CT enhanced

the annual Rh totals relative to NT by 38.4, 93.7 and 64.2 g C m−2 yr−1

for corn, soybean and winter wheat, respectively. Furthermore, the NEP

varied with climate, plant species and timing/length of the growing season.

However, there was no significant difference in average annual NEP totals

during corn years. The average annual NEP difference between CT and NT

(i.e., CT – NT) was 18, –58.1 and –40.0 g C m−2 yr−1 for corn, soybean and

winter wheat, respectively. Simulations with the DayCENT model indicate

that the seasonal variation of total SOC pool was greater in CT than NT

due to tillage effects on carbon transfer from the active surface SOC pool to

the active soil SOC pool at a rate of 50–100 g C m−2 yr−1. The NT prac-

ticed during the study period accounted for a 10.7 g C m−2 yr−1 increase

in the slow SOC pool (20-year turnover time) at a site in Elora, Ontario,

Canada.

2.1 Introduction

Estimates of heterotrophic respiration are crucial for describing soil biolog-

ical activity and biogeochemical processes (Rochette et al. 1999). They ac-
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count for a considerable amount of total global CO2 emissions at 77 to 98±12

Pg C yr−1 (Bond-Lamberty and Thomson 2010; Davidson and Janssens

2006; Jenkinson et al. 1991; Watson et al. 2000). In agriculture, tillage

practices influence the process of soil organic carbon (SOC) decomposition,

and thus can modify heterotrophic respiration. However, there is still one

open question regarding differences in SOC levels and heterotrophic respi-

ration rates between conventional tillage (CT) and no-till (NT) practices.

Contrasting effects of tillage on SOC dynamics have been reported in

various regions. VandenBygaart et al. (2003) reported an increased storage

of SOC in western Canada using NT practice; however, NT has not always

been shown to increase SOC in central and eastern Canada (Angers et al.

1997). In addition, Aslam et al. (2000), Fortin et al. (1996), Hendrix et al.

(1988) and Oorts et al. (2007) pointed out that NT enhanced heterotrophic

respiration, while Alvarez et al. (2001), Al-Kaisi and Yin (2005), Curtin

et al. (1998), Kessavalou et al. (1998) and Vinten et al. (2002) found NT

reduced emissions. Since the carbon budget in agriculture is associated with

strategies for mitigating climate warming, it is necessary to evaluate the

long-term effects of agricultural management practices on SOC and CO2

fluxes. This study initializes the first modeling approach to simulate the

historic SOC level and the effects of agricultural management practices on

long-term SOC dynamics and CO2 fluxes at a site in Southern Ontario,

Canada.

Climatic factors are regarded as crucial drivers regulating SOC decom-
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position and CO2 fluxes in agricultural soils (Campbell et al. 2005; Kelly

et al. 2000; Lal et al. 2007; Raich and Schlesinger 1992; Smith et al. 2000b).

For instance, Smith et al. (2000b) estimated that the potential rate of SOC

sequestration in agricultural systems in Canada is 14 g C m−2 yr−1. The

rate of SOC sequestration can change to ≤ 15 g C m−2 yr−1 in dry and warm

regions, and can fluctuate within 10 to 100 g C m−2 yr−1 in humid and cool

climates (Lal et al. 2007). Therefore, the interaction of the soil manage-

ment practices and climatic factors that regulate SOC dynamics needs to

be evaluated based on field measurements with a high temporal resolution.

Above-ground crop residues are an important source of carbon for SOC

maintenance (Desjardins et al. 2005; Del Grosso et al. 2005a; Hutchinson

et al. 2007; Lal et al. 2007; Paustian et al. 1997). For a better simulation

of crop residues for SOC decomposition, therefore, the growing degree day

(GDD) method is used to simulate crop growth. Tillage practices alter the

surface soil environment, thereby affecting the rate of residue decomposi-

tion (Huggins et al. 1998; Kern and Johnson 1993; Lal and Kimble 1997).

They can also modify carbon residue transfers among the litter and SOC

pools (Robertson et al. 2000; Six et al. 2004; Smith et al. 1998). Because

tillage intensity affects the crop residue distribution in the surface soil, the

mechanisms controlling SOC dynamics are more complex to understand and

more difficult to study in the field. Thus, modeling the dynamics of the var-

ious SOC pools in agriculture provides a useful approach for evaluating the

long-term effects of tillage practices.
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This study targeted the multi-year (nine-year) effects of agricultural

management practices on SOC dynamics at a field scale. I hypothesized

that NT management practices would slow the rate of heterotrophic respi-

ration (Rh) and thus increase SOC storage compared with CT in a long-term

field experiment at Elora, Ontario, Canada. My objectives are (1) to param-

eterize and validate the daily version of the CENTURY model (DayCENT)

for a SOC equilibrium simulation based on my long-term field measurements

of soil water content (SWC), soil temperature (ST), above-ground biomass

production and grain yields; (2) to examine the dynamics of net primary

production (NPP), Rh and net ecosystem productivity (NEP), and their

differences over nine years, under two different tillage practices using the

GDD method; (3) to discriminate the individual effects of above- and below-

ground residues on Rh by adopting three sets of cultivation parameters for

CT, NT and bare soil (BS) practices; and (4) to evaluate the multi-year

transformation of litterfall and SOC pools, and their carbon sequestration

potential.

2.2 Materials and Methods

2.2.1 Site Description

The measurements for this study were conducted at the Elora Research

Station (ERS), located 20 km north of Guelph, Ontario (43◦39
′
N 80◦25

′
W).

According to the Environment Canada climate normals (1971–2000), the

monthly average of daily air temperature at this site ranged from –8.0◦C
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in January to 19.7◦C in July; the accumulated monthly precipitation for

the growing season (May–Sep.) was 44.1 cm, and 49.8 cm for the remaining

months (Oct.–Apr.). The average daily net solar radiation was 11.9 MJ m−1.

The average cloud cover was 57.5% for the growing season and 67.3% for the

non-growing season. The soils are classified as Gleyed Melanic Brunisols and

belong to the Woolwich series (Wanniarachchi et al. 1999). The soil texture

is Conestoga silt loam consisting of 29% sand, 52% silt and 19% clay. Total

organic carbon is 2.7% (27 g kg−1), total organic nitrogen is 0.2% (2 g kg−1)

and the pH (H2O) is 7.6 in the 0–15 cm soil layer.

The study site, which was established in 2000 within an aerodynamically

homogeneous region, included two replicates of two treatments and four plots

in total (plots 1 and 4 for CT; 2 and 3 for NT). The size of each plot was

150 m × 100 m. Tillage was conducted in the autumn using moldboard

ploughing to a depth of 150–200 mm after harvest and was followed by a

spring secondary tillage with a field cultivator and packer. The crops were

grown for grain production and all of the residues were returned to the soil

in both systems after harvest. The residues were incorporated by tillage in

CT plots and left on the soil surface in NT plots.

The rotation crops were corn (2000, 2003, 2005, 2007 and 2008), soybean

(2001, 2004 and 2006) and winter wheat (2002). Corn and soybean were

planted in mid-May or early June and harvested in October and September,

respectively. Winter wheat was planted after the soybean harvest, and was

harvested the following August. For CT, granular urea, at a rate of 150 kg N
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ha−1 for the corn and 90 kg N ha−1 for the winter wheat, was incorporated

by disking before planting, based on the recommendations of the Ontario

Ministry of Agriculture, Food and Rural Affairs (OMAFRA). For NT, a side-

dress application of liquid fertilizer 28% NH4–N was applied for the corn at a

rate of 50–60 kg N ha−1 and 60 kg N ha−1 of urea for the winter wheat, based

on soil tests. The purpose of these fertilizer treatments was to examine the

combined effects of several best management practices versus conventional

practices. An additional description of the management practices for the

ERS is given in Jayasundara et al. (2007) and Wagner-Riddle et al. (2007).

The measurements were SWC, ST (5, 25, 50 and 85 cm) and grain yields

for the period 2000 to 2007. The above-ground biomass was measured in

2008 and the initial SOC was sampled in 1999. An open-path infrared gas

analyzer (LI-7500; Li-Cor, Lincoln, NE, USA) and a 3-D sonic anemometer

(CSAT3; Campbell Scientific; Logan, UT, USA) were installed on the flux

tower at a height of 2 m to measure CO2 and H2O fluxes since 2001. The

observed NEP was calculated using the eddy covariance method to represent

the average of the fluxes from the entire four plot area. In addition, the raw

measurements were filtered to exclude times of low turbulence, unsuitable

wind direction and periods of instrument malfunction and calibration. A

gap-filling method (Falge et al. 2001) was applied when measurements were

missing. This gap-filling method searches the time of day for missing data

and then replaces them with the average value for that same time of day

within a 14-day window. For the half-hourly carbon flux measurements (n
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= 140256) at the ERS, 22% of raw data was gap-filled in this study.

Soil CO2 emissions were measured using non-steady state closed cham-

bers during the summer field campaign at the ERS in 2008. Another bare

soil plot (BS) was created near NT and CT during the chamber experiment.

The above- and below-ground biomass (turfgrass mixtures of Kentucky blue-

grass and red fescue) and top 0.08 m of the soil surface was manually re-

moved, which allowed a bare surface with no history of cropping for at least

30-years. Soil CO2 measurements were taken at 11:00h and 14:00h during

the sampling DOY (day of year) 171, 192, 197, 218, 219 and 225 for CT,

and DOY 171, 184, 192 and 197 for both NT and BS. These sampling dates

were decided based on favourable weather conditions for soil CO2 chamber

experiment. During each sampling day, chambers were placed along inter-

row of cornfield in CT/NT/BS for 18 minutes with a sampling interval of 6

minutes. The soil CO2 emissions were calculated from the rate of increase

in CO2 concentration in the chamber. These measurements were averaged

to represent the level of soil CO2 emissions in CT/NT/BS during their as-

sociated sampling period. Details of the experiment can be found in Wilton

(2010). Because of a lack of Rh measurements, the soil CO2 measurements

were adopted as a reference to check the magnitude of modeled Rh.

2.2.2 Model Description

The DayCENT model has been evaluated in a wide range of ecosystems for

SOC and Rh simulations (Campbell et al. 2005; Del Grosso et al. 2005b,
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Table 2.1: Major parameters describing the field site.

Site parameter Unit Value

Latitude, Longitude ◦ 43.39◦N, 80.25◦W

Elevation m 376.0

Treatment (CT; NT) plot 1,4; 2,3

Crop rotation – corn year 2000, 2003, 2005, 2007, 2008

– soybean year 2001, 2004, 2006

– winter wheat year 2002

Soil texture (sand, silt, clay) % 35, 52, 13

Total organic carbon g kg−1 27

Total organic nitrogen g kg−1 2

pH (H2O) – 7.6

Damping value for water submodel – 0.0005

Max./Min. ST for bottom soil layer ◦C 15.0/4.0

Damping factor for calculating ST – 0.0047

Coolest ST for bottom soil layer from Jan. 1 days 30

2008b; Kelly et al. 2000; Li et al. 2006; Schimel et al. 1997; Motavalli et al.

1994; Parton et al. 1998; Silver et al. 2000). In this study, I adopted the

DayCENT model (Bandaranayake et al. 2003; Desjardins et al. 2005; Par-

ton et al. 1998) for a 5000-year equilibrium simulation and an agricultural

simulation for the period 2000 to 2008 at the ERS. The site parameters of

interest are listed in Table 2.1. The major submodels related to the process

of SOC decomposition and plant growth are described below.

The purpose of the SOC submodel is to calculate the decomposition of
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the dead plant material and the SOC pools (i.e., active, slow, and passive)

with different turnover times (Parton et al. 1988). The active pool consists

of live microbes and microbial products, and has a short (1–5 years) turnover

time. The slow pool contains physically-protected forms of plant material

and soil stabilized microbial products; this pool has an intermediate turnover

time of 20–50 years. The passive pool includes physically- and chemically-

stabilized SOC with a turnover time of 400–2000 years.

Rh includes the CO2 emission by rhizosphere microorganisms and the

SOC decomposition by the microorganisms in the bulk soil. The process of

decomposition is governed by soil properties, soil environment and factors

that describe the effect of decomposition efficiency and cultivation. The gen-

eral form of the carbon flow (C flow) function in decomposition is expressed

as

Cflow = SOM× rdec × kclt × f(deco)× f(soil)× f(anbic)× f(acid) (2.1)

where SOM is the quantity of soil organic matter, rdec is an intrinsic soil

microbial decomposition rate, k clt is a cultivation factor to describe the effect

of cultivation on decomposition of the active, slow and passive SOC pool and

soil structural material; f (deco), f (soil), f (anbic) and f (acid) are functions

to describe the effect of ST/SWC, soil texture, soil anaerobic condition and

pH on microbial decomposition, respectively. Rh function in the model is

the CO2 loss associated with C flow and climatic factors. The general form

of the Rh function is
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Rh = Cflow × f(rresp) (2.2)

where f (r resp) is the intercept parameter which controls carbon flow from

SOC pools to CO2. The f (r resp) is also regulated by soil texture. The daily

dynamics of ST/SWC were simulated based on a 13 layer soil structure

using the Fourier Heat Flow Equation (De Vries 1963) and Darcy’s Law,

respectively. The soil CO2 emission for each carbon flow is calculated by

the Rh function, except for the active SOC pool which varies with the soil

silt plus clay content.

In DayCENT, a plant growth submodel is used to describe the produc-

tion of crop residues and further regulate the SOC decomposition. Since

temperature influences plant phenology, the GDD method is used in plant

growth simulation to regulate the duration of the growing season (Del Grosso

et al. 2005a). Moreover, grain yield is determined by the harvest index,

which is calculated based on a genetic maximum and moisture stress in the

months corresponding to anthesis and grain fill. After harvest, the grain is

removed from the system and live shoots can either be removed or trans-

ferred to standing dead and surface residues. A detailed description of the

plant growth submodel can be found in the studies of Stehfest et al. (2007)

and Del Grosso et al. (2008b).
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2.2.3 Parameterization for Cultivation

The cropping and cultivation practices were parameterized based on the

actual field management. The No-Till Drill, Offset and Tandem Disks and

Moldboard Plow functions in DayCENT were applied for this study. In gen-

eral, 95% of above-ground live, standing dead and surface litter in CT were

parameterized to be transferred to the top soil layer. The cultivation fac-

tors in CT were set 1.5–3 times higher than the values in the NT simulation

depending on the turnover time of the carbon pools. In order to under-

stand the background soil CO2 emissions without the influence of tillage or

plant carbon inputs, a simulation for a bare soil condition (BS) was carried

out in 2008. I assumed no carbon flows from plant residues for each SOC

pool in BS, because the above- and below-ground biomass were assumed to

have been removed entirely prior to the simulation period. The cultivation

factors (k clt, Eq. 2.1) in BS were parameterized to 1 so that tillage had no

impact on the rates of decomposition for the SOC pools and soil structural

material. The values of the cultivation parameters for CT/NT/BS are listed

in Table 2.2.

The comparison of observed and modeled grain yield and above-ground

biomass has been regarded as one of the methods to validate the parameters

for the plant growth submodel. I adopted the GDD method to determine

the duration of the plant growth season. The GDD parameters were modi-

fied based on the studies of Buyanovsky and Wagner (1986), Gervois et al.

(2004b), McMaster and Wilhelm (1997), McMaster et al. (2005), Ritchie
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Table 2.2: Cultivation parameters for CT and NT plots were adopted from

the original model settings; the parameters for BS were created based on

the assumption that no carbon transformation occurs among plant pools

without growing above- and below-ground biomass. The cultivation factors

for BS were adopted from the NT simulation.

Cultivation parameter Unit CT NT BS

Above-ground live biomass transferred to standing dead % 0 5 0

Above-ground live biomass transferred to surface litter % 5 5 0

Above-ground live biomass transferred to top soil layer % 95 0 0

Standing dead biomass transferred to surface litter % 5 5 0

Standing dead biomass transferred to top soil layer % 95 5 0

Surface litter biomass transferred to top soil layer % 95 5 0

Roots transferred to top soil layer % 100 5 0

Cultivation factor for active SOC – 1 1 1

Cultivation factor for slow SOC – 3 1 1

Cultivation factor for passive SOC – 3 1 1

Cultivation factor for soil structural material – 1.5 1 1
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Table 2.3: Growing degree day submodel parameters for corn, soybean and

winter wheat at the ERS. GDD for the anthesis stage is number of degree

days required to reach anthesis (flowering) for a grain-filling annual crop. A

grain-filling stage ranges from anthesis to harvest.

Plant growth parameter Unit Corn Soybean Winter wheat

Maximum harvest index – 0.6 0.39 0.5

Germination temperature ◦C 10.0 7.8 8.0

Non-growing temperature ◦C –2.0 –2.0 –5.0

Base temperature for crop growth ◦C 10.0 10.0 4.0

GDD for a anthesis stage d◦C 600 400 450

Max./Min. GDD for a grain-filling stage d◦C 750/600 600/450 450/400

et al. (1986) and Tsvetsinskaya et al. (2001). The parameters related to

biomass accumulation are listed in Table 2.3. The measured grain yield val-

ues were manually converted from the measurement of field grain to carbon

biomass based on an assumed carbon to dry weight biomass ratio of 0.45

(Monje and Bugbee 1998; Law et al. 2000).

2.2.4 Model Validation

A 5000-year equilibrium simulation was conducted before the agricultural

simulation. The land-use history for the ERS was described in studies by

Larson et al. (1999) and Wanniarachchi et al. (1999). The equilibrium sim-

ulation showed that the SOC pools decreased during the 65-year transition
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from cold temperate mixed forests (8300 g C m−2) to conventional, low in-

tensity agriculture (3400 g C m−2) by 1940. The SOC level at 0–20 cm soil

depth was at a steady state by the end of the simulation in 2000 with the

total SOC pool size in the range of 5200–5400 g C m−2, which was similar

to the initial SOC, 5205.2 g C m−2, obtained from my field measurements.

Furthermore, my equilibrium simulation is consistent with the literature,

indicating that there is a loss of 24±6% of SOC during the transition from

forests to agricultural land in 62 long-term field studies in Canada (Van-

denBygaart et al. 2003). Others have reported the projected SOC level of

agricultural soils in Canada to be at steady state for the period 1970 to 2010

using the CENTURY model (Smith et al. 2000b).

The evaluation of the simulation was based on the linear regression

method (Janssen and Heuberger 1995), and included root mean squared

error (RMSE), slope (S) and intercept (INT) and coefficient of determi-

nation (r2). A comparison of daily SWC/ST between measurements and

simulations indicated that both SWC and ST simulations present very close

agreement with my nine-year field measurements. Regression analysis of

daily SWC and ST (simulated versus measured data during the period 2000

to 2007) shows that the modified parameters provide an effective simulation

for SWC (RMSE = 0.07 m3 m−3, S = 0.45, INT = 0.13 m3 m−3, r2 =

0.51, p < 0.001, n = 6576) and ST (RMSE = 2.158◦C, S = 0.98, INT =

0.20◦C, r2 = 0.97, p < 0.001, n = 26304) in the top 0–30 cm soil depth.

The high correlation (r2) between simulated and observed SWC/ST illus-
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trates the model fundamental ability for simulating soil climate in the top

soils. Correlation coefficients are relatively low in the SWC simulation for

several reasons. The plant residues at the soil surface in the NT plots might

cause difficulty for the model to control water infiltration. Moreover, the

uncertainty of the magnitude of rainfall interception and lateral water flow,

together with a possible time-domain reflectometer (TDR) malfunction un-

der a frozen soil environment, might also cause minor changes and errors in

SWC interpretation.

In order to test the carbon allocation in DayCENT, a comparison of grain

yield and above-ground biomass between measurements and simulations is

shown in Fig. 2.1 (a)–(b), respectively. The eight-year grain yield simula-

tions are compared with field observations in CT/NT. Regression analysis

of the simulated versus measured grain yield data during the period of 2001

to 2008 (n = 16) indicates r2 of 0.86 with RMSE of 75.1 g C m−2, S of

1.24 and INT of –11.34 g C m−2. The model shows a similar tendency to

observation in most years, but the simulated grain yields are overestimated

in some years. In particular, the grain yields for the corn in 2003 and 2008

are overestimated by 80–200 g C m−2.

Fig. 2.1 (b) shows that the simulation of weekly above-ground biomass

production is close to my periodic harvest data. Regression analysis of the

period harvest in 2008 (n = 8) indicates r2 of 0.98 with RMSE of 34.4 g C

m−2, S of 0.84 and INT of 91.5 g C m−2. The overestimated grain yield

might be caused by several reasons. The earlier onset of the growing season
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Figure 2.1: The model validation on (a) grain yield; observations were ob-

tained from the yield measurements at the ERS from 2001 to 2008; (b)

above-ground dry weight biomass. Dry weights of above-ground biomass

were determined in the WOY (week of year) of 32, 34, 39 and 42 during the

chamber experiment in 2008.
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and longer growing season in the model compared with the field observa-

tions might result in a greater grain yield estimation. The uncertainty of

converting the grain harvested from small sampling regions to the whole field

might also contribute to this overestimation. Overall, the regression analy-

sis of grain yield and above-ground biomass reveals that the plant growth

submodel in DayCENT can be used to identify litterfall and to evaluate the

SOC decomposition.

2.3 Results

2.3.1 Relationship of Tillage-Soil Climate-Heterotrophic Respiration

Fig. 2.2 shows daily precipitation, simulated SWC/ST and Rh, respectively,

in 2008. Several heavy rainfall events (> 23 mm) occurred on DOY 180,

193, 202, 204, 218, 222 and 257; some of these rainfall events significantly

increased the SWC. Because the silt loam soil at the ERS has a high water

holding capacity, the tendency of SWC in the 0–30 cm soil layer is to stay in

a stable range of ∼0.3 m3 m−3. The pattern of ST reflects a typical annual

pattern of soil thermal response which shows increasing ST from 0◦C on

DOY 99 to 20◦C on DOY 200, and thereafter decreasing gradually until the

end of the year.

Fig. 2.2 (c) shows that the pattern of Rh was influenced by the ST/SWC

and by the effect of tillage, especially during the periods of spring thaw,

cultivation and harvest. The modeled Rh fluctuated early in the season and

decreased gradually from 3.3 to 1.3 g C m−2 d−1 during the growing season
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Figure 2.2: Seasonal variation of environmental factors and Rh in 2008 : (a)

daily precipitation; (b) average modeled soil water content and soil temper-
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CT/NT/BS. The vertical lines indicate DOY 70, 121, 258 and 305 for the
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(DOY 122–294). Furthermore, the chamber measurements indicate that the

average CO2 released from the soils was 1.68, 3.39 and 3.69 g C m−2 d−1

for BS, NT and CT, respectively, during the sampling period. My soil CO2

efflux measurements are greater than the modeled Rh by 15% for NT and

45% for CT. My simulation shows a general agreement on the magnitude of

Rh between 2.0–4.0 g C m−2 d−1.

Rh in BS was markedly lower than in CT and NT. The annual Rh values

were 488, 479 and 156 g C m−2 yr−1 for CT/NT/BS (summarized in Table

2.4), respectively. This result indicated that Rh in BS was only ∼33% of

emissions in CT/NT. The model also suggested that ∼75% (117 g C m−2

yr−1) of annual Rh was released to the atmosphere during the growing season

in BS; it is approximately 60% of annual Rh (∼290 g C m−2 yr−1) in CT/NT.

In addition to the nature of greater Rh during the growing season, this result

also indicates that the parameterization of the distribution of organic matter

and cultivation can significantly influence the modeled Rh.

Fig. 2.3 illustrates the relationship between simulated ST/SWC and Rh

for CT/NT in 2008. Rh was dependent on both the ST/SWC and tillage

practices. A higher Rh can be found in a moderate SWC (0.3–0.4 m3 m−3);

in particular, a high SWC after continuous rainfall sequences causes a de-

crease in Rh (Fig. 2.3 (a) and (c)). Thus, Rh is sensitive to low and high

SWC in both CT/NT. For example, the majority of Rh values were asso-

ciated with SWC in the 0.2–0.3 m3 m−3; several greater Rh occurred in

the 0.3–0.4 m3 m−3 of SWC. In addition, Fig. 2.3 (b) and (d) show the
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Table 2.4: Accumulated heterotrophic respiration for each period of the sea-

son, including spring thaw, cultivation and harvest in 2008. The CT/NT/BS

simulations were based on the cultivation parameters listed in Table 2.2. The

percentage in the bracket indicates the heterotrophic respiration as a frac-

tion of the annual total emission. The units of accumulated heterotrophic

respiration are g C m−2 during the period.

Period DOY CT NT BS

g C m−2 (% of annual total)

Before thaw 1–98 33.4 (6.8%) 46.6 (9.7%) 14.9 (9.5%)

Thaw – Cultivation 99–121 64.9 (13.3%) 48.1 (10.0%) 13.8 (8.9%)

Cultivation – Harvest 122–294 294.0 (60.3%) 284.8 (59.4%) 117.0 (74.8%)

Harvest – Cultivation 295–305 27.6 (5.7%) 27.5 (5.7%) 3.5 (2.2%)

After cultivation 306–366 67.7 (13.9%) 72.2 (15.1%) 7.3 (4.7%)

Annual total 487.5 479.1 156.4
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Figure 2.3: The relationship between average modeled soil water content

and soil temperature (0–30 cm) with heterotrophic respiration for CT (a),

(b) and NT (c), (d).

expected exponential relationship between ST and Rh, therefore increased

ST stimulated Rh in both CT and NT at the ERS.

2.3.2 Net Carbon Exchange in Cropfield

Fig. 2.4 presents the nine-year dynamics of simulated NPP, Rh and NEP for

CT/NT at the ERS. In this study, NPP is the biomass of carbon per unit

area per unit time. The annual totals are summarized in Table 2.5. The
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results indicate that carbon dynamics varied with crops, CT/NT practices

and year. CT practices enhanced NPP and Rh. Fig. 2.4 (a) shows that a

slightly higher NPP was found at the beginning of the growing season for

CT in the corn years. The tillage effects on NPP are not obvious in my

simulation. The differences in NPP between CT and NT (CT – NT, Table

2.5) are 56.6, 34.7 and 24.3 g C m−2 yr−1 for corn, soybean and winter

wheat years, respectively.

The differences in Rh between CT and NT are 38.4, 93.7 and 64.2 g C

m−2 yr−1 for the corn, soybean and winter wheat years, respectively. Larger

values of Rh were also found at the beginning of the growing season for CT

(Fig. 2.4 (c) and (d)). This is because the faster crop growth and higher

ST at the beginning of the growing season in CT potentially stimulated the

process of decomposition. The differences between CT and NT in Rh during

the middle of growing season were ∼2 g C m−2 d−1 for the corn and winter

wheat and ∼4 g C m−2 d−1 for the soybean years. Consequently, tillage

practice influences the process of decomposition; CT produces greater Rh

in the soybean years as compared with the corn and winter wheat years.

The ranges of Rh during the growing season were 2.9–3.9, 3.6–3.9 and 3.8

g C m−2 d−1 for corn, soybean and winter wheat, respectively (Fig. 2.4

(c)). Fig. 2.4 (f) shows the NEP difference between CT and NT simulation,

which presents the balance between NPP and Rh. Therefore, NEP in NT is

generally greater than that of in CT at the beginning of the growing season.

A relative greater NEP can be found in NT than that of in CT after the
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Table 2.5: The averaged annual carbon totals of NPP, Rh and NEP for the

corn, soybean and winter wheat years. The nine-year dynamics of NPP,

Rh and NEP in CT and NT are shown in Fig. 2.4. The Diff. indicates the

difference in annual carbon totals between CT and NT (CT – NT). The

units of these annual carbon totals are g C m−2 yr−1.

Variable Tillage practice Corn Soybean Winter wheat

g C m−2 yr−1

NPP CT 946.7 546.0 583.1

NT 890.1 511.3 558.8

Diff. (CT–NT) 56.6 34.7 24.3

Rh CT 495.0 565.7 513.1

NT 456.6 472.0 448.9

Diff. (CT–NT) 38.4 93.7 64.2

NEP CT 452.0 –19.7 70.0

NT 434.0 39.4 110.0

Diff. (CT–NT) 18.0 –59.1 –40.0
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middle of growing season.

In the comparison between measured and modeled NEP (Fig. 2.5), the

simulated NEP had a closer agreement with observation in the first three

years (2001–2003) of my agricultural experiment. The model underesti-

mated NEP in 2005 and 2006, particularly during the middle of the growing

season. For example, the simulated NEP for corn in 2005 during the fast

growing stage was underestimated by 39% (∼5 g C m−2 d−1); the model

only presented 50% of observed NEP for soybean in 2006. These underes-

timations might be caused by the sensitivity of GDD parameters and unre-

alistic conversion of modeled NPP from the weekly to the daily time step.

DayCENT calculated Rh at a daily time step; however, modeled NPP was

provided at a weekly time step. Therefore, I averaged weekly NPP to daily

NPP (i.e., same daily NPP during its associated week period) for the pur-

pose of calculating daily NEP. My conversion might cause some biases in

daily NPP, particularly in the middle of the growing season. However, I

expected this conversion would not introduce a bias in the long-term values

of carbon dynamics.

Fig. 2.6 presents the comparison between observed and simulated NEP

at daily time-step from 2001 to 2003 and from 2004 to 2008, respectively.

The result shows that observed/simulated NEP for 2001–2003 is close to

the 1:1 line; a majority of underestimated NEP is ranged from 5 to 10 g C

m−2 d−1 for 2004–2008. Linear regression relationship between simulated

and observed NEP during the period 2001–2008 (n = 2458) shows that r2
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is 0.55 with RMSE of 3.1 g C m−2 and S of 0.64. The underestimated NEP

simulation for 2004–2008 might be caused by the more complex agricul-

tural management practices (e.g., seeding red clover and fertilization) that

were not parameterized into the model. Additionally, NEP measurements

were interrupted and influenced by the installation of field equipment and

maintenance.

Overall, the simulated NEP dynamics followed a general seasonal pattern
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of carbon source/sink as shown in observed NEP. The comparison suggests

that DayCENT is a capable model for interpreting ecosystem carbon ex-

change at a daily time step, but it requires more detailed parameterization

for the complex agricultural management practice and NPP simulation. The

nine-year simulation suggests that there is no significant difference in the an-

nual NEP between CT and NT for corn years. The annual simulated NEP

differences between CT and NT are 18, –58.1 and –40.0 g C m−2 yr−1 for

corn, soybean and winter wheat, respectively. The daily NEP values for

corn, soybean and winter wheat were 10.6–12.3, 5.8–6.7 and 7.1 g C m−2

d−1, respectively, during the growing season.

2.3.3 Soil Organic Carbon Dynamics

The effects of tillage practices on soil carbon pool sizes are presented in

Fig. 2.7 and Fig. 2.8. Fig. 2.7 indicates that the active surface pool in CT

maintained a low carbon level due to the effect of cultivation; about 50–

100 g C m−2 of crop residues were incorporated into the active soil pool

annually. As a result of incorporated plant residues in the soils, a greater

fluctuation of carbon in the active soil pool in CT than NT was simulated.

Following the spin-up simulation, the active soil pool decreased in both CT

and NT during the first four years, and then appeared to stabilize on an

annual basis, with CT showing 50–100 g C m−2 of additional carbon in the

active pool relative to NT. The annual cultivation and crop rotation caused

the seasonal variation of SOC in the active soil pool.
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Fig. 2.8 shows the SOC dynamics in the slow, passive and total SOC

pools for CT/NT. As a result of a longer turnover time in the passive pool,

the amount of SOC in the passive pool for both CT and NT is very stable,

at ∼2000 g C m−2. The equilibrium simulation produced the initial total

SOC values for the agricultural simulation in the range of 5200–5400 g C

m−2, which is close to my field measurements of ∼5205 g C m−2 in 2000. In

addition, the agricultural simulation estimated the total SOC in the range

of 4900 to 5100 g C m−2 at the end of 2005 (Fig. 2.7 (a)); soil measurements

showed the total SOC to be 5600–5700 g C m−2 in the fall of 2005 (Ram-

narine 2010). This indicates a good agreement between the simulation and

measurements, given the large uncertainties in total SOC estimations.

Furthermore, the field study of Ramnarine (2010) at the ERS also indi-

cated that the quantity of slow SOC in the 0–10 cm layer was significantly

higher in the NT soils, ranging from 2550 to 2890 g C m−2 for CT and NT,

respectively; and the total SOC values were 5626 and 5736 g C m−2 for CT

and NT, respectively. My simulation of SOC tendencies for CT/NT in 2005

indicate that the slow SOC pool ranges from 2390 to 2440 and ∼2550 g C

m−2 for CT and NT, respectively (Fig. 2.7 (b)). Thus, model estimations

are consistent with the measurements. The SOC tendencies in the slow SOC

pool were estimated at a rate of +10.7 g C m−2 yr−1 for NT and –11.5 g

C m−2 yr−1 for CT. The amount of SOC in the slow pool was enhanced by

NT.
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2.4 Discussion

2.4.1 Tillage Effects on the SOC Decomposition

The combined effect of incorporating crop residues and increased cultivation

factors enhanced Rh in CT by 35% relative to NT after disk cultivation in

the spring, as Fig. 2.2 shows. The general tendency and magnitude of simu-

lated Rh is in agreement with the studies of Franzluebbers et al. (1995), Lal

(2004), Oorts et al. (2007) and Rochette et al. (1999) indicating that the

enhancement in Rh by CT over NT was in the range of 1.50 to 2.45 g C m−2

d−1 throughout the whole growing season for the corn years. In particular,

I found that the most significant soil CO2 emissions in CT occurred in the

spring, while NT emissions were enhanced in the middle of the growing sea-

son due to a favorable soil environment (i.e., ST/SWC) for producing CO2

in soils. This phenomenon resulted in no significant difference in accumu-

lated Rh between CT and NT both for the growing season and in annual

totals (Table 2.4).

The amount of crop residues also modifies the thermal conductivity and

rainfall infiltration in soils and further changes the conditions that con-

trol heterotrophic respiration. The crop residue cover acts as insulation,

damping the dynamics of ST/SWC cycles. This effect was built into the

DayCENT mechanism. Therefore, the impacts of tillage on Rh are not only

controlled by cultivation factors but by the impacts of tillage practices on

soil physical properties in the model. In DayCENT, SWC also regulates

the water-filled pore space which regulates soil CO2 levels. Tillage practices
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modify water interception from biomass, aboveground residues and the wa-

ter holding capacity, and in turn, influence the dynamics of SWC and the

processes of SOC decomposition. For example, there is greater soil CO2

emissions in CT during the cultivation event; there is a greater Rh in NT

after DOY 150 due to the insulating effect of surface litter on SWC dynam-

ics.

My soil CO2 chamber experiment indicated that the modeled Rh is lower

than the soil CO2 efflux measurement by 15% for NT and 45% for CT. This

difference between the modeled Rh and the soil CO2 efflux measurement

reflects that the soil CO2 chambers measured the total CO2 emissions from

all emission sources (e.g. inorganic carbon and root-derived respiration) in

the soils. However, the model only calculated CO2 emissions from microbial

activity during decomposition. It is also necessary to consider root-derived

respiration in the total soil CO2 estimation. Based on the studies of Curtin

et al. (2000), Werth and Kuzyakov (2009) and Kuzyakov and Larionova

(2005), about 22–42% of total soil CO2 efflux is generated by root-derived

respiration from corn, which is similar to the 15–45% range of underestima-

tion. Since this respiration is regulated by below-ground carbon allocation,

a better estimation of root respiration can be achieved by improving crop

phenology and NPP allocation (Del Grosso et al. 2005b).

The comparison among individual effects of above- and below-ground

residues on Rh is one of the key objectives of this study. I achieved this

objective by adopting three sets of cultivation parameters for CT/NT/BS.
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By adopting the cultivation parameters for CT, the modeled CO2 released

from soils was enhanced relative to NT and BS, particularly when the cul-

tivation practice was applied at the beginning of the growing season (Table

2.4). The comparison of Rh between NT/BS highlighted that the incorpo-

ration of below-ground biomass also played an important role in the process

of SOC decomposition. The modeled Rh was influenced by the distribution

of organic matter and transformation of below-ground biomass.

2.4.2 Combined Effects of Environment and Tillage on Decomposition

CT incorporates crop residues into the soil for the process of decomposition.

The associated soil disturbance also made SOC decomposition more sensitive

to ST/SWC dynamics, because of faster evaporation and infiltration in CT

than NT. NT incorporates less residue, and the undisturbed surface soil has a

lower thermal conductivity and a higher hydraulic conservation. In general,

this decreased ST modified the oxidative condition in the soil environment

resulted in a slower decomposition of crop residues and SOC (Doran 1980;

Lloyd and Taylor 1994; McGuire et al. 2000). Based on the agricultural

practice–environmental factor–decomposition relationship (Fig. 2.3 (a) and

(c)), the simulation indicated that a modest SWC with higher ST causes

higher Rh; Rh significantly decreased by 50–54% after heavy rainfall events.

Gregorich et al. (1998) and Rochette et al. (1991) also suggested that the

saturated soil environment might mitigate the rate of soil CO2 diffusion.

Varying agricultural management practices increase the complexity for the
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modeling mechanism to describe the environmental factor–decomposition

relationship. The complexity of disturbed surface soil conditions and the

effects on decomposition add uncertainty to the modeled Rh (Rochette et al.

1991; Reicosky and Lindstrom 1993).

2.4.3 Tillage Effects on Net Carbon Exchange

The effect of tillage on NEP was small, with the difference in daily NEP be-

tween CT and NT ≤ 3 g C m−2 d−1 over a nine-year simulation, as Fig. 2.4

(f) shows. In general, NEP varied between crop species; the maximum NEP

in soybean and winter wheat years was smaller by ∼45% of maximum NEP

in corn years in the middle of growing season. The fact that the largest vari-

ation in NPP and Rh occurred at the beginning of the growing season in the

corn years indicates a greater uncertainty in representing NEP. Although a

nine-year agricultural simulation indicated that the DayCENT model cap-

tured the patterns and trends of carbon dynamics at the agricultural plot

scale, a more dynamic mechanism for modeling crop phenology instead of

the fixed GDD thresholds may produce a better long-term NEP simulation.

Currently, GDD is one of the most common methods to describe the in-

teraction between phenology and carbon exchange. In this study, the GDD

submodel was applied instead of planting date in the modeling schedule of

DayCENT. The timing and length of carbon fixation were influenced by

the sensitivity of the GDD parameters. My results suggest that several im-

portant phenology parameters in the GDD submodel may control the NEP
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dynamics. Based on the modeling mechanism of the plant growth submodel

in DayCENT, the germination, base/ceiling temperature, GDD from an-

thesis to harvest stage and parameters for the Poisson Density Function

curve are expected to be specifically parameterized for the different crops.

This function describes a phenological response curve (i.e., photosynthesis

and respiration) to optimize temperatures; the rate of plant growth shows

a rapid decline above the optimum temperature and there is relatively little

effect on growth within a band of optimal temperatures.

In addition, a longer period of more detailed measurements of the above-

and below-ground biomass would be helpful for validating the GDD and

plant growth submodels, especially at the beginning of the growing season.

This is because the examination of carbon allocation in the initial phenology

stage relies on intensive biomass measurements. The time shift of carbon

allocation influences the time available for carbon uptake and thus influences

seasonal and annual totals. Uncertainties may also be introduced by the gap-

filling procedure applied to the observed NEP, or by deriving daily NPP from

the weekly model output; further studies are needed.

2.4.4 Carbon Sequestration in Agriculture

The multi-year tendency of SOC in the slow pool showed the rate of seques-

tration at +10.7 and –11.5 g C m−2 yr−1 for NT and CT, respectively. This

suggests that NT can be regarded as a soil management practice to enhance

carbon sequestration. However, Angers et al. (1997) and VandenBygaart
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et al. (2003) reported that NT has not always been shown to increase SOC

in Ontario, Canada. My modeling study result is for the first 9 years af-

ter switching to NT and a long-term agricultural management simulation is

required to determine this tendency.

NT also acted as a carbon sink at +7.7 g C m−2 yr−1 in the total

SOC pool, but no significant changes were seen in the total SOC pool for

CT. Tilling the soil caused a greater annual fluctuation of carbon inflow in

the active pools so that it mitigated the magnitude of total SOC changes.

The tillage practice modified SOC aggregate stability and mineralization of

crop residues and further influenced the capacity for carbon sequestration

(Chivenge et al. 2007; Holland et al. 1992; Parton et al. 1987, 1988; Paustian

et al. 2000). In addition, tillage practices contribute to the seasonal variation

of SOC mainly in labile organic matter fractions of active and slow SOC

pools and not from the passive SOC pool (Ramnarine 2010).

The SOC dynamics are associated with vertical variability of soil texture,

bulk density and equivalent soil mass; therefore, an inadequate sampling

depth might lead to a result showing a difference in the distribution of SOC

(Baker et al. 2007; Campbell et al. 2000; Deen and Kataki 2003; Ellert et al.

2001; Ramnarine 2010; Wanniarachchi et al. 1999). For instance, Ramnarine

(2010) pointed out that NT resulted in an increase in SOC in the 0–10

cm layer; however, the effect of carbon sequestration was not significantly

different for the 0–30 cm layer between CT and NT. These studies highlight

that the soil depth represented in the DayCENT model (0–20 cm) and in
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the different depth of soil sampling might cause the uncertainty in SOC

estimation. A more flexible modeling of soil layers and a standard sampling

protocol may need to be considered in future studies. Based on my results,

the DayCENT model has the capability of simulating the carbon dynamics

in a managed agricultural crop field. However, to truly reflect the effect of

tillage practices on carbon sequestration requires a longer (i.e., > 10 years)

agricultural experiment and simulation.

2.5 Summary

Quantification of the carbon budget and carbon sequestration is a critical

topic for policy makers in mitigating global warming. Due to the com-

plex agricultural management practices, I adopted the daily version of the

process-based CENTURY model (DayCENT) to investigate the multi-year

effects of agricultural management practices on carbon dynamics. This

study initialized the first modeling work to evaluate the historic SOC level

and long-term carbon dynamics and CO2 fluxes at the daily time-step at

the Elora Research Station, Southern Ontario, Canada. The verified mod-

eling approach and results contributed to the National Carbon and Green-

house Gas Accounting and Verification System in Agriculture and Agri-Food

Canada.

The model simulated daily changes of Rh and weekly dynamics of NPP

(r2 = 0.86) and SOC (underestimated 4%–13% of slow SOC at the 0–10

cm soil depth) reasonably well based on my field measurements at an agri-
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cultural plot scale after the model validation and a 5000-year equilibrium

simulation. The GDD method was used to simulate NPP dynamics in this

study. Surprisingly, the model captured the grain yield in most years; the

residues can be accurately estimated based on NPP simulation in DayCENT

for evaluating the role of tillage on crop residues and SOC dynamics. The

evaluation of the agricultural management practices was carried out based

on the scenario parameters of cultivation – CT, NT and BS. The major

findings and perspectives of this study are as follows:

• The annual pattern of Rh was influenced by the ST/SWC and the

effect of tillage simultaneously, especially during the periods of spring

thaw, cultivation and harvest. Higher Rh is generally associated with

increased SWC; however, a high SWC after continuous rainfall se-

quences causes a decrease in Rh. The Rh was also sensitive to ST in

CT because the associated soil disturbance caused greater ST fluctu-

ation.

• CT practices enhanced NPP and Rh. The differences in NPP between

CT and NT are were, 34.7 and 24.3 g C m−2 yr−1 for corn, soybean

and winter wheat years, respectively. Due to faster crop growth and

decomposition (due to higher ST) at the beginning of the growing

season, a slightly higher NPP and Rh were modeled at the beginning

of the growing season in CT. Rh was enhanced in CT by as much as

94% of the Rh in NT during the spring thaw period. Rh was enhanced

by 35% after disk cultivation in the spring.
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• The differences in Rh between CT and NT were 38.4, 93.7 and 64.2

g C m−2 yr−1 for corn, soybean and winter wheat years, respectively.

The annual total Rh values in a corn year (2008) were 488, 479 and 156

g C m−2 yr−1 for CT, NT and BS, respectively. This result indicates

that Rh in BS was only ∼33% of emissions in CT/NT. In particular,

∼75% (117 g C m−2 yr−1) of annual Rh in BS was released to the

atmosphere during the growing season; it is greater than 60% (∼290

g C m−2 yr−1) for CT/NT.

• The nine-year daily NEP simulation indicated that DayCENT is able

to simulate the daily time step ecosystem carbon exchange. The an-

nual NEP differences between CT and NT were 18, –58.1 and –40.0 g C

m−2 yr−1 for corn, soybean and winter wheat, respectively. Improve-

ment in the model of NEP simulation can be achieved by changing the

NPP modeling mechanism from a weekly time-step to a daily basis.

• The total SOC pools decreased during the 65-year transition from cold

temperate mixed forests (8300 g C m−2) to agriculture (3400 g C m−2)

in 1940, and then approached a steady state by 2000 CE (5200–5400

g C m−2). The agricultural simulation indicated that about 50–100

g C m−2 of crop residues were incorporated into the active soil pool

annually. The SOC tendencies in the slow SOC pool were estimated at

+10.7 g C m−2 yr−1 for the NT and –11.5 g C m−2 yr−1 for CT. The

capacity for carbon sequestration in the SOC slow pool was enhanced

by adopting NT practices. A longer simulation period (i.e., > 10 years)
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might be required to better reflect the SOC dynamics in an agricultural

management system.
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Chapter 3: Modeling Crop Phenology in a

Process-based Land Surface Scheme :

CN-CLASS

ABSTRACT

An accurate estimation of the global carbon budget in agriculture re-

quires a crop-specific module and a process-based land surface model. Process-

based land surface models are useful tools for estimating the contribution

of carbon dynamics to various ecosystems and their responses to changes

in climate. Increasing concern about the carbon source/sink status of agri-

cultural ecosystems has produced a need to develop and validate accurate

modeling mechanisms for crops that include such models. One of these

models, the Carbon- and Nitrogen-coupled Canadian Land Surface Scheme

(CN-CLASS), has been successfully applied to the study of carbon stocks in

several boreal and temperate coniferous forests in Canada. This study de-

scribes improvements in the crop phenology and carbon allocation modules

for the CN-CLASS model and the results from testing at an agricultural

site, the Elora Research Station (ERS) of University of Guelph in southern

Ontario, Canada.
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The modeling exercise was carried out for corn crops in 2005 and 2008,

based on a set of validated site-specific parameters. The modifications to

CN-CLASS included a crop-specific phenological scheme and a look-up table

for agricultural management practices. The results show that the modified

algorithms provide a similar dynamics of biomass allocation with the mea-

surements and the DayCENT model (Daily version of CENTURY) output.

The regression analysis indicates that the new crop module improved the

net ecosystem productivity (NEP) simulation for a cornfield, with the co-

efficient of determination (r2) of annual NEP increasing from 0.51 in the

original CN-CLASS to 0.78 in the modified version of the model.

3.1 Introduction

The expansion of agricultural lands is a major land use change occupying

∼35% (18×106 km2) of the global land surface (Goldewijk 2001). These

regions will most likely continue to be managed and modified by human ac-

tivities, resulting in increased impact on a regional and global scale (Alcamo

1998). Several modeling studies have focused on the interaction between

climate and croplands, in particular the carbon source/sink status of these

lands (Abrahamsen and Hansen 2000; Del Grosso et al. 2005a; Krinner et al.

2005; Kustermann et al. 2008; Stockle et al. 2003). Whether a cropland is

a carbon source or sink depends partly on the agricultural management

practices, but there is always considerable uncertainty (Smith et al. 2000a).

There is, therefore, a need for a realistic modeling mechanism represent-
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ing agro-ecosystems. When designed at the agricultural management level

and integrated into global climate models, validated process-based models

are able to answer questions relevant to land surface-atmosphere interaction

such as vegetation growth conditions (Betts 2005), cultivation (Challinor

et al. 2004; Levis et al. 1999), and harvesting practices (Tsvetsinskaya et al.

2001).

Process-based land surface schemes in global climate models represent

biogeochemical and physical processes for simulating phenology, carbon allo-

cation and respiration at a wide spatial scale (Medlyn et al. 2002; Raupach

et al. 2005). Even when simplifying the processes in the soil–vegetation–

atmosphere continuum for global simulations, these models need to account

for the influence of active agricultural management practices such as cul-

tivation and harvest (Chmielewski and Rotzer 2001). Factors related to

agricultural management will influence the exchanges of energy, water and

carbon, including the sink/source status, throughout the growing and non-

growing seasons (Challinor et al. 2004; Tsvetsinskaya et al. 2001).

Many land surface schemes have been developed and validated using for-

est data sets such as boreal and temperate deciduous and coniferous plant

functional types (Krinner et al. 2005). Although these models have been

applied to the other ecosystems for assessing global carbon budget, these

models presented a very poor modeling performance on carbon exchange

simulation particularly for non-forest ecosystems in cropfield, grassland and

wetland (Schwalm et al. 2010). This poor carbon exchange simulation causes
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a large uncertainty on the contribution of terrestrial ecosystems to the global

carbon balance. Uncertainty also exists in the projections of future contri-

butions of the land surface to the global carbon budget. With an increasing

number of climate change research using the land surface models, it is urgent

for scientists to test and improve these models for agricultural ecosystem.

Recently, the several studies (Arora and Boer 2005; Hansen et al. 2006;

Osborne et al. 2007; Schwalm et al. 2010) pointed out that the appropriate

representation of phenology and carbon allocation for crops is not well estab-

lished in these land surface schemes. The uncertainty in climate projections

using these land surface schemes can be reduced by improving the mod-

eling of plant phenology (Arora and Boer 2005; Schwalm et al. 2010) and

agricultural management practices (Del Grosso et al. 2008a). Crop phenol-

ogy regulates the carbon exchange diurnally and seasonally throughout the

biological processes of photosynthesis, plant development and carbon allo-

cation. Agricultural management practices controls the duration of growing

season and timing of nutrient cycle. An accurate modeling mechanism for

these biological processes and practices gains the scientific confident for ac-

counting carbon budget and CO2 emissions in agriculture.

This study initializes the first evaluation and development in the Carbon

and Nitrogen version of the Canadian Land Surface Scheme (CN-CLASS,

Arain et al. 2002; 2006) at a long-term agricultural management site, the

Elora Research Station (ERS) in southern Ontario, Canada. The CN-

CLASS evolved from the CLASS model (Verseghy 1991; Verseghy et al.
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1993), a land surface scheme developed for use in the Canadian global cli-

mate model (CGCM). CN-CLASS testing has shown that the model per-

forms well in simulating CO2 exchange and evaporation in both deciduous

and coniferous forests (Arain et al. 2002, 2006; Yuan et al. 2007, 2008). In

Schwalm et al. (2010), CN-CLASS performed a very poor carbon exchange

simulation for cropland in a 22 terrestrial biosphere models model compar-

ison. Since it is still a lack of studies to test CN-CLASS in agriculture, this

study contributes to the improvement of crop phenology and CO2 exchange

simulation using the process-based land surface model.

The dynamics of carbon allocation among leaves, stems, and roots are

different for crops than for forests (Arora and Boer 2005). In CN-CLASS,

which was developed using datasets from mature forests, the phenological

algorithm required some modifications in order to represent crops. A new

algorithm associated with the schedule of sowing, fertilization and harvest

was required to further refine the modeling ability in CN-CLASS to simulate

agricultural practices, as described in Kothavala et al. (2005). In a model-

data intercomparison study (Schwalm et al. 2010), CN-CLASS performed a

very poor model skill of CO2 exchange for cropfield in the comparison of 22

terrestrial biosphere models. Thus, it is a necessary step that allows study

of the simultaneous interactions among crop growth, land management, and

carbon exchange using the land surface scheme. In this study, I focus on

the modeling of crop phenology and carbon allocation in CN-CLASS at the

ERS. The simulated exchange of carbon is compared with values obtained
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from field measurements and with another agricultural model, DayCENT, a

version of the CENTURY model with a daily time-step (Parton et al. 1998).

3.2 Materials and Methods

3.2.1 Site Description

The Elora Research Station is located 20 km north of Guelph, Ontario

(43◦39
′
N 80◦25

′
W). According to the Environment Canada climate nor-

mals (1971–2000), the monthly average for daily air temperature at this site

ranged from –8.0◦C in January to 19.7◦C in July; the accumulated monthly

precipitation for the growing season (May–September) is 44 cm, and 50 cm

for the remaining months (October–April). The average cloud cover was

58% for the growing season and 67% for the non-growing season. The av-

erage daily net solar radiation was 11.9 MJ m−1. The soils at this site are

classified as Gleyed Melanic Brunisols and belong to the Woolwich series

(Wanniarachchi et al. 1999). The soil texture is Conestoga silt loam consist-

ing of 29% sand, 52% silt and 19% clay. Total organic carbon is 2.7% (27 g

kg−1), total organic nitrogen is 0.2% (2 g kg−1) and the pH (H2O) is 7.6 in

the 0–15 cm soil layer.

The study site included two tillage treatments, no-till and conventional

tillage, with two replicates of each. The size of each plot was 150 m × 100 m

within an aerodynamically homogeneous region (300,000 m2). In this study,

the simulations were conducted for the conventional tillage plots in two corn

years, 2005 and 2008. On average, the sowing, emergence, full crop cover,
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beginning of senescence, end of the growing season and harvest dates are

May 10 (DOY (day of year) 130), May 28 (DOY 148), August 4 (DOY 216),

September 12 (DOY 255), October 1 (DOY 274), October 28 ( DOY 301),

respectively. The detailed agricultural management practices for the ERS

are given in Jayasundara et al. (2007) and Wagner-Riddle et al. (2007).

The eddy covariance technique was used to collect energy, H2O and CO2

flux data. The flux tower consisted of an open-path infrared gas analyzer

(LI-7500; Li-Cor, Lincoln, NE, USA) and a 3-D sonic anemometer (CSAT3;

Campbell Scientific; Logan, UT, USA) installed at a 2 m height that was

adjusted up to 3.5 m during the crop growth in corn years. The flux tower

was operated in the field throughout a year, except during the short period

of agricultural practices and equipment maintenance. The observed NEP

was interpreted using measured CO2 fluxes for the upwind footprint area,

which included all four plots, thus giving a spatially-averaged value for the

whole site. The raw NEP data were filtered to exclude times of low tur-

bulence, unsuitable wind direction and periods of instrument malfunction

and calibration. A gap-filling method (Falge et al. 2001) was applied when

measurements were missing. This gap-filling method searches the time of

day for missing data and then replaces them with the average value for that

same time of day within a 14-day window. For the half-hourly carbon flux

measurements (n = 35040) at the ERS, 20% of raw data was gap-filled in

this study.

61



3.2.2 Simulation Details

The forcing variables for CN-CLASS include incoming short-wave and long-

wave radiation, precipitation, air temperature, wind speed, atmospheric

pressure, and specific humidity of the air at 30-minute time steps. These

data were obtained from measurements over the crop site for 2005 and 2008.

The initial plant and soil carbon and nitrogen pools, canopy temperature,

soil temperature (ST) and soil water content (SWC) were based on mea-

surements in early 2005. Due to a lack of incoming solar and long-wave

radiation in 2008, these radiation data were obtained from the Turkey Point

Flux Station, located on the northwestern side of Lake Erie (∼80 km south

of my crop site).

The model was tested for two C4 corn years, in 2005 and 2008. Most

of the crop-specific parameters were kept the same as those used for com-

mon crops by Kothavala et al. (2005). The parameters associated with

site-specific, carbon/nitrogen, photosynthesis and respiration parameters in

this study are listed in Table 3.1–3.3 . The values for these parameters were

either measured directly or obtained from other modeling studies. The ini-

tial carbon and nitrogen contents of the modeled plant and soil pools were

derived from my field measurements (Jayasundara et al. 2007; Ramnarine

2010; Wagner-Riddle et al. 2007) or estimated from similar ecosystems (An-

derson 1988; Kothavala et al. 2005). A sensitivity analysis to determine

impacts of light extinction (krad), maximum leaf growth rate (kgrow) and

growing degree days for the transition of linear growth (Dln) in the leaf
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Table 3.1: The parameters for crop simulations are related to field descrip-

tion. The parameters related to photosynthesis were adopted from other

ecosystem model studies.

Parameter Symbol Units Value Reference

Site Parameter

Sowing kgrows DOY 125–130 Wagner-Riddle et al. (2007)

Harvest kgrowe DOY 246 Wagner-Riddle et al. (2007)

Max. standing biomass Cmass kg m−2 1.5 Fallow et al. (2003)

Plant density Dp unit m−2 6.0 Liu and Tollenaar (2009)

Max./Min. LAI LAI m2 m−2 6.0/0.0 Kothavala et al. (2005)

Specific leaf area SLA m2 kg−1 30.0 Schulze et al. (1994)

Base temperature Tbase
◦C 8.0 McMaster (2005)

Transit. of linear growth Dln degree-d 30 Ishag and Dennett (1998)

Coeff. of light extinction krad – 0.7 Ishag and Dennett (1998)

Max. leaf growth rate kgrow degree-d−1 0.15 Ishag and Dennett (1998)

growth index function (GI) on GPP and NEP was conducted with respect

to the canopy development of the crop.

The original and modified modeling frameworks are illustrated in Fig. 3.1.

There are six major modifications: (i) the plant functional types for crops;

(ii) the sequence of carbon allocation functions; (iii) the carbon partitioning

algorithm; (iv) the phenological stage algorithm; (v) the leaf growth condi-

tion; and (vi) the agricultural schedule. These modifications were based on

comparisons between simulations using the original CN-CLASS model and

measurements. The new algorithms were evaluated at half-hourly and sea-

sonal timescales, with a focus on carbon allocation and NEP. Periodic mea-
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Table 3.2: The parameters for crop simulations are related to carbon and

nitrogen parameters. Most of the values were adopted from measurements

at ERS.

Parameter Symbol Units Value Reference

Carbon Parameter

C in surface litter Clitter kg C m−2 0.15 Ramnarine (2010)

C in root litter Crlitter kg C m−2 0.15 Ramnarine (2010)

C in short-lived SOC Cfom kg C m−2 0.25 Ramnarine (2010)

C in stable SOC Csom kg C m−2 4.5 Ramnarine (2010)

Nitrogen Parameter

N bio-fixation Nfix g N m2 s−1 3.5×10−7 Smil (1999)

N deposition Ndep g N m2 s−1 1.5×10−8 Smil (1999)

N fertilization Nfer g N m2 yr−1 18.8 Ramnarine (2010)

N/C in reservoir Npool – 0.015 Anderson (1988)

N/C in leaf Nleaf – 0.022 Anderson (1988)

N/C in stem Nstem – 0.001 Anderson (1988)

N/C in root Nroot – 0.015 Anderson (1988)

N/C in surface litter Nlitter – 0.013 Anderson (1988)

N/C in root litter Nrlitter – 0.013 Anderson (1988)

N/C in short-lived SOC Nfom – 0.10 Anderson (1988)

N/C in stable SOC Nsom – 0.10 Anderson (1988)
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Table 3.3: The parameters for crop simulations related to photosynthesis

and respiration. The parameters were adopted from other ecosystem model

studies.

Parameter Symbol Units Value Reference

Photosynthesis

Max. carboxylation rate Vcmax mol CO2 m−2 s−1 5.4×10−5 Kothavala et al. (2005)

Coeff. of intercellular CO2 a – 6 Kothavala et al. (2005)

Stomatal sensitivity D0 Pa Pa−1 2000 Kothavala et al. (2005)

Canopy N extinction kN – 0.14 Kothavala et al. (2005)

Quantum use efficiency α mol E mol q−1 0.2 Kothavala et al. (2005)

Respiration

Resp. rate of leaf at 15◦C Kleaf µmol CO2 m−2 s−1 0.50 Lokupitiya et al. (2009)

Resp. rate of stem at 25◦C Kstem µmol CO2 kg−2 s−1 0 Kothavala et al. (2005)

Resp. rate of root at 25◦C Kroot µmol CO2 kg−2 s−1 0.59 Kothavala et al. (2005)
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Figure 3.1: The modeling framework of CN-CLASS for crops. The grey

color indicates the new modification for crop simulation. The plant type

is an index to represent different plant functional types. The phenological

stage and agricultural schedule are the two main schemes in this study. The

allocation module is linked with these two main schemes.
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surements of the above-ground biomass production (i.e., leaves and stems)

were used to validate the crop phenological scheme and carbon allocation pa-

rameterizations. I employed another crop and soil model, DayCENT, which

is the daily version of CENTURY model. DayCENT has been widely applied

to various ecosystems around the world and it provides a scientific confident

to examine distribution of carbon allocation in the modified CN-CLASS. A

detailed description of the DayCENT model can be found in the studies of

Del Grosso et al. (2008b), Li et al. (2006), Parton et al. (1998) and Stehfest

et al. (2007). The DayCENT model has already been validated with nine

years of field measurements of SWC, ST, biomass, grain yield, NEP and soil

organic carbon (SOC) at the ERS (Chapter 2).

Details of the modifications made to CN-CLASS are given below:

Carbon Allocation

In the original CN-CLASS, the biomass components were categorized into

six carbon and nitrogen vegetation pools: leaf, sapwood, heartwood, fine

root, coarse root and non-structural reservoir, based on forests (Arain et al.

2006; Cannell and Dewar 1994). The first step in adopting CN-CLASS for

crops was to provide proper initial values for the allometry pools, especially

for the structure of the woody components in the model (Gower et al. 1997;

Litton et al. 2003; Reich et al. 1997; Turner et al. 2000). I assumed no allo-

cation of carbon to sapwood in the crop simulation. The woody component

was considered to be the whole of the stem component for crops. The stem
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component was treated as a fraction of the total above-ground biomass for

agricultural simulations (Gower et al. 1997; Litton et al. 2003; Turner et al.

2000). According to the transport-resistance approach (Thornley 1970), the

carbon allocations to the three main vegetation components (e.g., leaves,

stems and roots) were computed using

Cleaf = LAInet
SLA −Kleaf fleaf Cpool

Cstem = Xstem,stage
Cpost

1+fresp

Croot = Xroot,stage
Cpost

1+fresp

(3.1)

where SLA is specific leaf area, Kleaf is the transformation rate of carbon go-

ing to leaf structure, fleaf is a partitioning function from the non-structural

reservoir to leaf pool, and fresp is a fraction of the respiratory loss during

plant growth. The leaf component is mainly controlled by the pattern of

leaf area index (LAI shown in Eq. 3.5) and the carbon assimilation of pho-

tosynthate to leaf structure (Cpool shown in Eq. 3.2).

Stem development was determined from the available carbon pool (Cpost

shown in Eq. 3.3), calculated after the deduction of the root, leaf growth

and respiratory losses. In addition, Xstem,stage and Xroot,stage are prescribed

constants for partitioning carbon going to stems and roots, respectively, as

shown in Table 3.4. These two empirical parameters were parameterized

based on the progression of phenological stages. Since crops use the car-

bonhydrate reserve to grow a minimum quantity of leaves and roots in the

initial growing season, the carbon allocation for leaves and roots are linked

dynamically with the modified crop phenological scheme. Cpool and Cpost
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Table 3.4: The initial values for each plant component and the values for

carbon allocation based on the phenological stages.

Parameter Symbol Units Value Reference

Initial Carbon

C in reserved pool Cpool kg C m−2 0.002 Estimated in this study

C in stem Cwood kg C m−2 0 Estimated in this study

C in root C root kg C m−2 0 Estimated in this study

C in fine root C froot kg C m−2 0 Estimated in this study

Carbon Allocation

Rate of C for leaf K leaf kg C m−2 s−1 5.0×10−6 Arain et al. (2006)

Frac. of C for stem X stem,stage – 0.45–0.75 Buyanovsky and Wagner (1986)

Frac. of C for root X root,stage – 0.25–0.55 Gregory et al. (1996)

Johnson and Thornley (1987)

are available carbon for leaf growth and further carbon allocation after leaf

growth, respectively. In this study, I simply regarded the storage organ (i.e.,

grain yield) as a part of the above-ground biomass.

The initial value for each allometry pool was set to zero or a very small

value to avoid model instability. The initial biomass compartments started

to accumulate a small amount of non-structural carbon reservoir for leaf

growth and maintenance respiration. The non-structural reservoir was reg-

ulated by the photosynthetic mechanism to assimilate carbon as

Cpool = fpoolAnet − kleaf (1− fpool) exp {−LAI} Cpool −Rm (3.2)
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where fpool is a partitioning function of the assimilated reservoir for leaf

growth, Anet is the net carbon assimilation via photosynthesis, kleaf is the

rate of transformation from carbon reservoir to leaf structure, Rm is the

total maintenance respiration for leaves, stems and roots. Leaf growth was

governed by the prescribed transformation rate (kleaf ) of carbon reservoir

to leaf structure and a function of LAI. Since the maintenance respiration

of the nonstructural reservoir, leaves, stems and roots all influence the plant

growth, the total respiratory loss (Rm) must be accounted for (Arain et al.

2006, 2002).

Carbon allocation to the stem requires accounting for the respiratory

loss from maintenance respiration, growth respiration, leaf growth and root

growth, as shown in Fig. 3.1. The rest of the available carbon (Cpost) after

these deductions is allocated to the stem pool by the prescribed allocation

ratios based on plant functional type. The function of available carbon for

stem and root growth is

Cpost = (1− fpool)Cpool − (Croot +Rroot + Cleaf +Rleaf ) (3.3)

where Rleaf and Rroot are leaf respiration and root respiration, respectively,

and fpool is a function of partitioning the assimilate reservoir for leaf growth.

The non-structural carbon reservoir Cpool is incremented by allocations fpool

from the residual between net photosynthesis Anet and leaf structure. In

addition, leaf structure is described as a function of carbon in leaves, fine

roots and non-structural carbon reservoir. Therefore, fpool approaches 1 as
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LAI→ 0, referring to a higher transfer fraction for the non-structural carbon

reservoir, and approaches 0 as LAI→∞ or with a decreasing non-structural

carbon reservoir as shown by

fpool = [1− exp {−(Cleaf + Cfroot)}] exp
{
−
Cpool
0.1

}
(3.4)

where Cleaf and Cfroot are carbon in leaves and fine roots, respectively. The

prescribed partitioning of the respiratory losses also influences carbon al-

location (Bonan 1996), because the non-structural assimilate reservoir and

available carbon for stems and roots are regulated by all of the component

maintenance respiration values. These respiratory losses are linearly related

to individual pool sizes and governed by a Q10 form of temperature function

at a reference temperature and base rate of respiration (Arain et al. 2002).

The initial carbon pools and Q10 value (= 2) describe the effect of climatic

factors on the inventory of carbon allocation and respiration. The parame-

terizations of initial carbon pools and base rate of respiration are shown in

Table 3.2–3.3.

Crop Phenology and Agricultural Management Schedule

The phenological response to degree days and the agricultural management

schedule are the two most important modifications adopted in CN-CLASS

for agriculture, because they constrain the natural growth cycles of the crop

plants. In the original CN-CLASS, the LAI formulation was improved by

using a degree-day threshold to initiate leaf emergence (Arain et al. 2002;
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Table 3.5: Phenology stages, the growth of plant components and their as-

sociated growing degree-days (GDD) during those stages. These thresholds

were modified based on the studies of McMaster and Wilhelm (1997); Ritchie

et al. (1986); McMaster et al. (2005); Gervois et al. (2004a); Tsvetsinskaya

et al. (2001); Buyanovsky and Wagner (1986).

Stage Phenology Components Required GDD Accumulated GDD

d◦C

1 Fallow – – –

2 Sowing to emergence Root 90–120 90–120

3 Emergence to end juvenile Root, Leaf 400 490–520

4 End juvenile to end leaf growth Root, Leaf, Stem 1780–2080 2300–2600

5 End leaf growth to maturity Root, Stem 100–150 2400–2750

6 Senescence to harvest – – –

Ishag and Dennett 1998; McMaster et al. 2005; McMaster and Wilhelm

1997). However, the thermal time thresholds for each stage vary for differ-

ent plant functional types and base temperatures (McMaster 2005). Thus,

the phenological algorithm needed to be modified and given the option of a

control based on the targeted plant functional type and agricultural man-

agement schedule. For the purpose of corn simulation, I categorized six

phenological stages and thermal time thresholds as listed in Table 3.5.

In the modified CN-CLASS, the entire crop development was catego-

rized from fallow to post-harvest: fallow, sowing to emergence, juvenile, leaf

growth, senescence and post-harvest. The growth stages were numbered
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from 1 to 6. The threshold temperature for growing degree days (GDD) cal-

culation was 8◦C (McMaster 2005). Leaf emergence for corn was initiated

when the accumulated GDD reached 120 d◦C, though it may vary by 30–

50 GDD (McMaster and Wilhelm 1997). It takes 2300–2600 accumulated

GDD to reach the full-canopy development for corn grown in southern On-

tario, depending on genotype (Buyanovsky and Wagner 1986; Tsvetsinskaya

et al. 2001). In addition, the phenological stages were organized for parti-

tioning of assimilate among different plant organs in the plant life cycle, as

shown in Table 3.5. The root system develops before the leaves and stems.

The partitioning thresholds for other crops or locations may require further

modification.

The management schedule contained the dates of sowing, fertilization

and harvest listed in Table 3.1. This agricultural schedule is linked with the

phenological stage. The GDD scheme is triggered by the plant functional

type and the date of sowing; the date of harvest regulates the timing of crop

residue incorporation into the litter and SOC pools. Furthermore, LAI is

computed as a function of SLA and net leaf biomass and senescence:

LAI = (Cleaf +Kleaf fleaf Cpool − Csens) SLA (3.5)

where Csens is the decay of vegetation tissues and SLA is a prescribed pa-

rameter based on the specific plant type, with lower SLA for longer leaf

life span and thicker leaves as is observed in nature (Arora and Boer 2005).

In addition, the LAI function is further regulated by the threshold of pre-
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scribed maximum/minimum LAI and the phenological stage. No additional

biomass is allocated to leaves above the maximum prescribed LAI. At the

end of each computing time-step, carbon pools are updated by subtracting

the growth and maintenance respiration from the biomass carbon alloca-

tion. Senescence is induced when the leaf maintenance respiration exceeds

the rate of leaf growth, causing biomass loss.

LAI is linked with crop phenology by the leaf growth index (GI). More

detailed information can be found in the studies of Arain et al. (2002), Ishag

and Dennett (1998) and Yuan and Bland (2004). The growth index describes

the potential leaf growth and expansion according to several empirical pa-

rameters associated with plant function type, such as radiation extinction,

leaf growth rate and the duration of leaf expansion, shown by

GI =
1
krad

ln
[

1 + exp {kgrow (Dae −Dln)}
1 + exp {kgrow (Dae −Dln)− krad LAImax}

]
(3.6)

where krad is the light extinction coefficient, kgrow is maximum leaf relative

growth rate, Dae is number of days after leaf emergence, Dln is number of

days until leaf growth reaches a linear phase and LAImax is the maximum

LAI. The values for the empirical parameters are listed in Table 3.1.

3.2.3 Model Validation and Sensitivity Testing Approach

A major goal of this model validation exercise was to examine the model

using a variety of measurements. In addition to latent heat flux (λE) and

sensible heat flux (H), hourly ST at 10 cm and SWC in the 0–25 cm soil
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layer were also compared with the model output. The correlation between

observed and simulated hourly average and daily average quantities was used

to calculate the coefficient of determination (r2), intercept (INT), slope (S)

and root mean square error (RMSE), which were used as relative indices of

model performance.

A sensitivity test can assess the effects of leaf growth and crop phe-

nology on GPP and NEP based on several empirical parameters in the GI

function. Thus, the sensitivities of GPP and NEP were evaluated by increas-

ing/decreasing krad, kgrow, and Dln by ±35% according to the current setting

listed in Table 3.1. During this exercise, one variable was changed at a time,

while all others were kept constant. Measured and modeled daily NEP were

compared to evaluate the effects of leaf growth during the sensitivity test.

3.3 Results

3.3.1 Model Validation

The modeling workflow was divided into pre-validation for the original CN-

CLASS model with a set of fundamental parameters and then examination

of the modified CN-CLASS model. The process of pre-validation is designed

to make sure the fundamental modeling parameters of carbon, nitrogen and

photosynthesis (Table 3.3) are validated for a proper water and energy bal-

ance based on the field specification and measurements of ST, SWC, H and

λE. Those parameters were held constant during testing of the agricultural

scheme for CN-CLASS. Due to a lack of half-hourly ST/SWC measurements
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for 2008 (corn), the validation was only carried out in 2005 (corn). Regres-

sion analysis of half-hourly ST (simulated versus measured data throughout

2005, n = 13382) illustrated that the simulated ST have close agreement with

observed surface ST in the 0–30 cm depth of top soils (RMSE = 1.99◦C, S

= 0.95, INT = 1.49◦C, r2 = 0.96, p < 0.001). The high correlation (r2) be-

tween simulated and observed ST indicates the models fundamental ability

for simulating the tendency of soil thermal transport in the top soils. Due

to a general difficulty of models in simulating SWC in agricultural fields, the

trend is considered to be more important than absolute value (Zhang et al.

2005). Regression analysis of half-hourly SWC for the period of 2005 (n =

13382) indicated r2 of 0.51 with RMSE of 0.10 m3 m−3, S of 0.64 and INT

of 0.16 m3 m−3. The model captured the year-round tendency of SWC in

the 0–30 cm depth of top soils. These soil climatic factors were simulated to

verify modeling reliability on ST/SWC in carbon subroutines, of regulating

plant phenology and respiratory loss.

The simulations with the fundamental parameters showed similar pat-

terns with observed water and energy balance measurements, λE and H.

Regression analysis of the half-hourly simulated versus measured λE during

the period of 2005 and 2008 (n = 6974) indicated r2 of 0.66 with RMSE of

38.58 W m−2, S of 0.78 and INT of 22.23 W m−2. Regression analysis of

half-hourly H for the period of 2005 and 2008 (n = 6974) indicated r2 of 0.48

with RMSE of 31.62 W m−2, S of 0.45 and INT of 3.51 W m−2. The model

showed better agreement with observed λE than with H in corn simulations.
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I found that the agreement between observed and modeled H deteriorated

somewhat as senescence approached in both corn years. The underestimated

λE might be due to overestimation of ground heat flux (Arain et al. 2002;

Kothavala et al. 2005) or possibly to overestimation of the canopy resistance

(Arora 2003) or underestimated SWC. Throughout this pre-validation, the

fundamental parameters were tested to ensure the ability of simulating the

water and energy balance.

3.3.2 Crop Phenology

Fig. 3.2 (a) and (b) show the net primary productivity (NPP) allocation

dynamics for leaves, stems and roots in 2005 using the original and modified

CN-CLASS, respectively. In this study, NPP is the biomass of carbon per

unit area per unit time. Identical weather forcing data and parameters were

applied to both simulations. Carbon fixation or photosynthesis was initial-

ized on April 15 (DOY 105) in the original CN-CLASS, which was about 30

days earlier than in the modified CN-CLASS. This longer duration of carbon

fixation in the original model is explained by the algorithm governing the

global pattern of growing season. The duration of crop growth in agriculture

is, however, constrained by the actual dates of sowing and harvest.

Due to a lack of biomass measurements that separate leaves, stems and

roots in this study, the validated DayCENT model (Chapter 2) was used

to provide a reference for the CN-CLASS simulation. Fig. 3.3 (a) and (b)

show comparisons of accumulated above- and below-ground NPP between
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Figure 3.2: A comparison of carbon allocation between the simulations in

a corn year of 2005 from (a) the original CN-CLASS model and (b) the

modified CN-CLASS model. The parameters in the original CN-CLASS

were identical with the modified CN-CLASS.
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DayCENT and my modified CN-CLASS for the respective years 2005 and

2008. There are three major results in Fig. 3.3: (1) both of the models show

a similar crop growth pattern and agree reasonably well with respect to car-

bon allocation, but detailed biomass measurements are required for further

detailed validation; (2) the more detailed phenological scheme in the modi-

fied CN-CLASS than DayCENT describes more realistic onset and duration

of crop growth from WOY 23 to 43; and (3) the modified CN-CLASS model

underestimated the above-ground biomass at the end of the 2008 growing

season by approximately 5%, based on the biomass measurements.

Fig. 3.4 shows the above-ground ((a)–(b)) and below-ground ((c)–(d))

NPP weekly dynamics. The two models present similar carbon allocation

and NPP tendencies throughout the growing season. In DayCENT, the

time-step for the biomass outputs is weekly; CN-CLASS uses higher tempo-

ral resolution of a half-hour time-step; therefore, I accumulated CN-CLASS

output to a weekly time-step to compare with DayCENT. Because CN-

CLASS calculated the carbon allocation at the higher temporal resolution

of a half-hour time-step, the tendency of NPP was consistent without re-

markable fluctuations throughout the whole modeling period. A precise

GDD threshold for each phenological stage allows the model to capture

the onset of each phenological response, especially during the period of leaf

emergence. The onset of emergence begins right after the sowing date in

DayCENT, however the leaf emergence in the modified CN-CLASS does

not begin for three weeks. The modified CN-CLASS is able to capture the
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Figure 3.3: The simulations of accumulated above- and below-ground

biomass using modified CN-CLASS and DayCENT for 2005 and 2008, re-

spectively. The periodic above-ground biomass harvest measurements are

shown in the 2008 simulation. WOY is the abbreviations for week of year.

The vertical line indicates the harvest time at WOY 43.
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Figure 3.4: The seasonal dynamics of modeled above- and below-ground

biomass for 2005 and 2008, respectively. The vertical line indicates the date

of sowing.

onset and duration of actual leaf emergence which is about two to three

weeks for leaf emergence at ERS.

Another important objective in this study is to evaluate the effect of

crop phenology on carbon allocation. To complete this task, the carbon

allocation was linked with the phenological stage and growth index in the

modified CN-CLASS. Fig. 3.5 (a)–(b) shows the accumulated GDD and

its associated phenological stage for the respective years 2005 and 2008;
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Fig. 3.5 (c)–(d) shows the LAI and GI for the same periods. The phenological

development and partitioning components were regulated by the threshold

of GDD as seen in Table 3.5. In the figure, the modified CN-CLASS shows

simulation of the seasonality of phenological development based on suitable

crop-specific GDD thresholds. My results suggest that the simulated dates

of leaf emergence and maturity are similar to those observed in the field.

For instance, the juvenile period occurs around mid-May to mid-June and

is followed by the period of canopy development that approaches maturity

around August. A short period of senescence happens after mid-September

before the harvest.

The leaf biomass can be retrieved from LAI and SLA. The LAI distri-

bution plays an important role in carbon allocation. In Fig. 3.5 (c)–(d),

an increase in above-ground biomass until October 14 (DOY 287) is shown

in the modified CN-CLASS, and but tails off with a decrease in LAI. The

conversion of senescent leaves to standing dead biomass occurs right after

canopy maturity. The growth pattern at the end of the growing season is

adjusted by a flexible phenological algorithm (Fig. 3.5 (a)–(b)), because the

timing and duration of senescence is linked with the GDD-associated crop

phenology. In this modification of the model, the phenological stages also

regulate the carbon allocation for each plant component.

After the maximum growth period, LAI remains constant at its maxi-

mum value until the beginning of senescence and then decreases linearly to

zero. No biomass is allocated to the carbohydrate reserve if the content of
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Figure 3.5: The dynamics of (a)–(b) accumulated growing degree day and

phenology stage, and (c)–(d) growth index and leaf area index for 2005
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harvest, respectively.
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the latter exceeds the biomass equivalent of the prescribed specific maximum

LAI. A maximum value of LAI is prescribed for each plant type; however,

above which no more biomass is allocated to leaves. The values for SLA

and maximum LAI can be found in Table 3.1. In addition, the shape of

the seasonal LAI is regulated by the agricultural schedule and the GI that

links leaf growth and phenological stage. Currently, the thresholds of the

phenological stage are modified for my study site from those found in the

literature; however, those empirical parameters were adopted from general

simulations as the default values in the original CN-CLASS. The sensitivity

test of the GI function can be found in section 3.3.4.

3.3.3 Carbon Exchange in DayCENT and CN-CLASS

Fig. 3.6 provides a comparison of NEP between measurements and simula-

tions of DayCENT and CN-CLASS with and without my new modification.

The period of August 10–24, 2005 was randomly chosen to plot NEP dynam-

ics at a higher temporal resolution. Fig. 3.6 (a) shows modeled NEP ranging

from 0.5×10−3 to –0.1×10−3 g C m−2 s−1. August 12–14 and 19–20 were re-

ported by the weather station to have relatively weaker short-wave radiation,

stronger long-wave radiation and higher specific humidity (Fig. 3.7). These

weather conditions might be the causes of the underestimated NEP due to

the underestimated photosynthesis from low-light conditions in CN-CLASS.

Fig. 3.6 (b) shows the NEP comparison of daily time-steps. CN-CLASS,

driven by half-hourly weather forcing data, produces more realistic results
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Figure 3.6: The dynamics of (a) half-hourly and (b) daily NEP from eddy

covariance carbon flux measurements, modified CN-CLASS and DayCENT

during the period of August 10–24, 2005.

than DayCENT. The NEP dynamics of DayCENT show much less variation,

with a range of ±2 g C m−2 d−1. Except for the low-light days, the results

show daily NEP ranging from ∼5–10 g C m−2 d−1 for both the modified

CN-CLASS simulations and measurements.

Fig. 3.8 shows the seasonal evolution of NEP, estimated from the eddy co-

variance flux measurements. The seasonal changes of NEP are summarized

in Table 3.6. During the major growing season (P2–P3, June–September),
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the observed maximum CO2 uptake is greater than the modeled NEP using

the modified CN-CLASS by ∼2.6 g C m−2 d−1 (Fig. 3.8). This underesti-

mated peak NEP in the modified model (P3) might be caused by some of

the empirical parameters in carbon assimilation from the C3 forest simula-

tion to that of a C4 crop. The peak carbon assimilation is usually greater

in a cornfield than in needle-leaf forests; however, using the modified model

results in overestimation of accumulated NEP during P2–P3 by ∼1.5 g C

m−2. This slight overestimation of the accumulated NEP could result from

several underestimated carbon sources in the middle of P2. The simulation

shows that my cornfield acts as a net sink of atmospheric CO2 during P2–P3

with 497.5 g C m−2 stored and as a net source during the post-harvest pe-

riod (P4, October) with 5.2 g C m−2 released. At the time of harvest (DOY

301), there is an observed peak of CO2 release to the atmosphere ∼2.5 g C

m−2 d−1, which is also captured by the model. This emission event occurs

shortly after harvest at a time when most above- and below-ground biomass

is incorporated into the soil layers and photosynthesis does not compensate

for soil respiration.

For the period P1 (April–May), the accumulated measurement of NEP

was –115.0 g C m−2 but only –50.3 g C m−2 for the simulation, as shown in

Table 3.6. The model significantly underestimated the total carbon source

emission before sowing (P1) by 64.7 g C m−2. Table 3.6 also indicates that

the original model significantly overestimated NEP during P1–P2 by 452.3 g

C m−2, although the modified model overestimated NEP by only 149.9 g C
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Table 3.6: The accumulated NEP measurement and simulations from the

original and modified CN-CLASS model. The accumulation time-windows

were categorized into four periods (P1–P4) throughout the period of sowing

to post-harvest stage. The diff. indicates the accumulated NEP difference

between eddy covariance carbon flux measurement and simulations for each

period. The unit for accumulated NEP is g C m−2.

Period Date DOY Obs. Ori. sim. Diff. Mod. sim. Diff.

Obs.–Ori. Obs.–Mod.

g C m−2

P1 Mar. 31–May 30 90–150 –115.0 87.7 202.7 –50.3 64.7

P2 May 31–Jul. 29 151–210 76.2 325.9 249.6 161.5 85.3

P3 Jul. 30–Sep. 27 211–270 330.5 314.8 –15.7 336.0 5.6

P4 Sep. 28–Oct. 27 271–300 –44.9 –13.3 31.5 –5.2 39.7

Total Mar. 31–Oct. 27 90–300 246.9 715.1 468.2 442.1 195.2

m−2. The reasons for this overestimated NEP in the modified model during

P1–P2 might be (1) an underestimation of soil respiration and emissions

during the thaw period and (2) failure to represent crop residues from the

previous growing season in an individual modeling year. The missing carbon

source in the simulation can be supplemented by a spin-up simulation or by

providing initial residue carbon pools properly. Overall, the modified CN-

CLASS captures more timing from sink to source, vice versa, throughout a

whole year with the exception of the P1 period.

In order to test the improvement of NEP simulation using the modified
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CN-CLASS, a comparison of daily NEP between measurements and simu-

lations (n = 365) using the original and modified CN-CLASS is shown in

Fig. 3.9. Regression analysis shows that the best-fit line for the modified

model (S = 0.89, INT = –0.33) is closer to the 1:1 line than the original model

(S = 0.50, INT = –0.54). In addition, the r2 of 0.78 in the modified model

is higher than 0.51 in the original CN-CLASS. The RMSE is decreased from

3.58 in the original model to 2.33 in the modified model. This regression

analysis shows that the new crop module within the modified CN-CLASS

improved the accuracy of the NEP simulation for a cornfield.

3.3.4 Sensitivity of Model Parameters

The influence of empirical parameters in the growth index function (Eq. 3.6)

on GPP and NEP are evaluated for one corn year in 2005. The parameters

tested in the sensitivity analysis are krad, kgrow, and Dln. The default pa-

rameters used for the control simulation, listed in Table 3.1, have each been

systematically changed by ±35% to evaluate its impact on the GPP and

NEP simulation. I plotted both the accumulated NEP observed and sim-

ulated for 2005 based on the default values (Fig. 3.10). The sensitivity of

accumulated GPP and NEP to each empirical parameter in the GI function

is shown in Fig. 3.11.

In the modified CN-CLASS simulation, the accumulated NEP can be di-

vided into three phases: carbon source before leaf emergence (January–mid-

June), carbon sink during the canopy development (mid-June–September)
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kgrow, and Dln, respectively.
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and carbon source after harvest (October–December). A linear response of

the carbon source in the simulation occurred before canopy development.

The reason for this linear response is the missing decomposition of crop

residues from the previous year, since I simulated only a single year for this

study. I figure that population of weed growth before April causes 25 g C

m−2 as a carbon sink based on the NEP observation, however the model was

not able to simulate this carbon uptake by weed growth due to a simplified

simulation of corn growth in 2005. Alternatively, the accumulated observed

NEP shows 120.1 g C m−2 as a carbon source due to soil respiration in

April–May, and reverses sharply to 29.3 g C m−2 as a carbon sink during

the period of leaf emergence at the beginning of June. Furthermore, be-

cause ∼84% of raw eddy covariance carbon flux is gap-filled from February

to April in both 2005 and 2008, the cause of the missing carbon sink might

be misinterpretation of NEP when using the gap-filling method.

Fig. 3.11 (a) and (d) show that the effect of krad increases with canopy

development, and that the 35% increased krad decreases the total carbon

sink by 100 g C m−2 at the end of the growing season. The current value

of kgrow used in this study (Fig. 3.11 (b) and (e)) almost reaches its max-

imum effect, with the 35% reduced kgrow significantly decreasing the GPP

and NEP by 29% and 73%, respectively. A time shift of carbon fixation

based on changes to the GDD value at which leaf growth changes from an

exponential to a linear canopy development is shown in Fig. 3.11 (c) and

(f). With ±35% changes of Dln, the timing of carbon fixation starts ∼30
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days later or earlier. Overall, through changing these three parameters, the

carbon sink during the growing season is altered. The accumulated NEP

shows that the model underestimated the carbon sink by 30 g C m−2 at the

end of the growing season compared with 430 g C m−2 d−1 of accumulated

observed NEP (Fig. 3.10). This underestimation was caused by the under-

estimated leaf growth. The carbon fixation curve can be effectively modified

by decreasing krad or increasing kgrow in the GI function to obtain a more

precise carbon exchange for the growing season, but I do not have measure-

ments to verify the explicit parameters responsible for the underestimated

leaf growth.

3.4 Discussion

3.4.1 Plant Growth and Agricultural Management

Since the original CN-CLASS model has been used mostly for forest ecosys-

tems, a new phenological scheme specifically for crops was needed. In order

to apply the new phenological scheme over a large region, a user-defined

index of vegetation type is available in the modeling configuration for se-

lecting its associated phenological algorithm. The phenological algorithm

is composed of six possible life-cycle phases throughout a whole year: fal-

low, emergence, juvenile, maturity, senescence and post-harvest (Table 3.5;

Fig. 3.5 (a)–(b)). Transitions between the phenological stages occur at pre-

scribed thresholds of accumulated GDD, which are specific to different crops

and cultivars. This GDD threshold provides a flexible thermal time for crop
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phenology. The values of GDD for each growth stage will vary by region and

plant variety. For example, the GDD span approaching the end of the grow-

ing season may narrow so that a small change in threshold can significantly

influence the duration of maturity and senescence (Fig. 3.5 (a)–(b)).

Canopy development at the end of the growing season is regulated by

senescence and harvest. In the modified CN-CLASS, leaf senescence is gov-

erned by the threshold of GDD, and the post-harvest stage is triggered by

the date of harvest. When leaf senescence occurs, all the remaining above-

ground biomass is shed, and the plant is declared dormant. This phenologi-

cal response is a simplified assumption that is sensitive to thermal time. This

sensitivity means that crop phenology influences the carbon cycle, because

agricultural management decisions significantly affect the transformation of

land cover in the post-harvest stage. After harvest, a majority of the plant

canopy is removed, and a part of the crop residues is incorporated into the

soil. Long-term measurements of above- and below-ground biomass pro-

duction are required in order to further improve the SOC decomposition

modeled and to represent the carbon source during the non-growing season.

Gervois et al. (2004a) point out that understanding the implications of

increasing agricultural land use requires an interdisciplinary study of the

carbon cycle using land surface models. The essential differences between

simulations for forests and crops using CN-CLASS are due to anthropogenic

processes: selection of crop cultivars drive LAI, and agricultural practices

applied by farmers drive the length of the growing season. The LAI was used
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to constrain leaf growth (Eq. 3.1) and agricultural practices regulated the

C/N allocation. These practices include the choice of sowing date; harvest

date; and the frequency, type, and amount of fertilizer and its application

date. These agricultural practices modulate the timing and duration of the

growth cycle in CN-CLASS. For example, the sowing date controls the start-

ing date of accumulated GDD and then further influences the development

of crop components. The harvest date constrains the length of the growing

season and further influences soil organic matter. Hence, the mechanism

of agricultural management broadly regulates the carbon exchange between

the land surface and the atmosphere.

3.4.2 Carbon Allocation and Crop Phenology

In CN-CLASS, the carbon assimilation for a crop is modeled as either a C3 or

C4 photosynthetic pathway (Arain et al. 2006; Kothavala et al. 2005). The

related photosynthesis parameters can be found in Table 3.3. The assimi-

lated carbon pool limits the allocation and also initially provides available

carbon for component growth. In the original model, the sequence of allo-

cation pools was followed by a general mature forest growth pattern which

means that root growth followed leaf growth (Dickinson et al. 1998), but I

modified the sequence of carbon allocation for crop simulations. Abraham-

sen and Hansen (2000) suggested adopting the carbon allocation by using a

relationship of photosynthate to roots with changes of phenological stages

in a land surface model. I altered the modeling crop phenology in the CN-
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CLASS model, with assimilation partitioning regulated by the phenological

stages and a prescribed algorithm of partitioning factors corresponding with

each stage. The carbon allocation in the CN-CLASS model for agriculture

is improved by a suitable algorithm of crop phenology.

The carbon in leaves and stems is controlled by partitioning factors,

Xroot, Kleaf and Xstem. The fractions of each crop component are indicated

and are dependent on specific species and growth stage. The proportion

of carbon allocation varies throughout phenological development (Anderson

1988; Chevalier and Schrader 1977; Johnson and Thornley 1987; Long 1959;

Nakaseko et al. 1978). For example, the root:shoot ratios can decrease during

growth from 0.45 to 0.10, depending on the maize plant age, its hybrid

and the soil volume. Three major vegetation components are calculated

sequentially using different partitioning factors. The reserve carbon pool

goes to root during the period from sowing to emergence, and then the

partitioning factor of the root component decreases from 0.55 to 0.25 at the

phenological transition from Stage 3 to Stage 4 (Table 3.5).

For crop simulation, the plant component pools started with a new al-

location and accumulation annually based on the assimilated carbon going

towards a carbohydrate reserve (Krinner et al. 2005). In this study, the ini-

tial value for stems and roots is set to zero and a small amount of reserved

carbon for seeds is set to 0.002 kg C m−2. Additionally, the dates of sowing

and harvest were built into the model for crop simulation, since the duration

of carbon allocation needs to be constrained by the schedule of agricultural
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management.

3.4.3 Carbon Exchange in Agriculture

The regression analysis indicates that the new crop module within the mod-

ified CN-CLASS (r2 = 0.78, S = 0.89, INT = –0.33) improved the NEP

simulation for a cornfield over the original model (r2 = 0.51, S = 0.50, INT

= –0.54). Using CN-CLASS for NEP simulation at a crop field improves

simulation by adopting a crop phenological scheme. The modified model

performed well in capturing the diurnal changes and timing of net carbon

exchange in agriculture. The comparison between the modified CN-CLASS

and DayCENT shows that the new modification provides a better NEP sim-

ulation at a sub-daily time-step. The modeled NEP suggests that a carbon

sink exists at a maximum rate of 0.5×10−3 g C m−2 s−1 in the daytime and

a carbon source exists at a rate of 0.1×10−3 g C m−2 s−1 in the nighttime

during the period of full corn canopy development.

Using the original and modified CN-CLASS estimated the total carbon

sink during the growing season (i.e., June–September) as 641 g C m−2 and

478 g C m−2, respectively (Table 3.6). The modeled NEP using the modified

model is close to 437 g C m−2 of observed NEP. The original model over-

estimates annual NEP by 204 g C m−2 yr−1 compared with the observed

values. The estimated carbon source resulting from the effect of post-harvest

in October and the effect of thaw during April and May are 5.2 g C m−2

and 50.3 g C m−2, respectively.
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Several modeled NEP values deviate from the observations on some par-

ticular days in 2005, especially during the growing season. These deviations

are caused by the sensitivity of carbon fixation to radiation in the photosyn-

thetic module. For example, the lower modeled NEP occurred during the

daytime with some rainfall and weaker short-wave radiation. The scatter in

modeled NEP probably depends on whether a day has sunny and cloudy pe-

riods or broken clouds throughout the day. In the CN-CLASS model, when

light-saturation occurs, more light does not increase carbon fixation. In ad-

dition, a higher temporal resolution in the CN-CLASS modeling mechanism

might cause the daily NEP deviation (Fig. 3.6), because the model was able

to capture the short-term peaks and dips on diurnal weather forcing. Day-

CENT does not have this deviation due to its daily computing time-step; it

provides general daily NEP dynamics.

The modified CN-CLASS model might not adequately capture the large

fluctuation of soil respiration during the nighttime and non-growing season.

The underestimated soil respiration might be caused by the empirical co-

efficient of soil respiration and missing decomposition of crop residues. In

CN-CLASS, the soil respiration is calculated by using several Q10 functions

and respiration rates shown in Table 3.3. The proper values for these empir-

ical coefficients in the respiration functions can improve the underestimated

soil respiration during the nighttime and non-growing season.

This study develops and examines a crop scheme for two individual years.

The missing carbon source from previous years crop can be supplemented by

100



a spin-up simulation or provision of initial residue carbon pools. However,

since an individual year simulation is applied in this study, the effects of post-

harvest in the previous years are not factored into the modeling mechanism

of decomposition. This adjustment means a relatively consistent tendency

can be found from January to May (Fig. 3.8). Further improvements can

be made by providing accurate initial values for the litter/SOC pools in a

multi-year agroecosystem simulation.

3.4.4 Sensitivity Analysis of Crop Phenology

Crop phenology includes important processes of canopy development and

carbon allocation. It further determines the length of carbon assimilation

and dynamics of carbon exchange. For examining the mechanism of pheno-

logical effects on carbon exchange, the sensitivity exercise was designed to

quantify the effect of crop phenology on GPP and NEP via the GI function.

The GI function enables the model to shape the carbon uptake capacity by

linking with the distribution of LAI. The sensitivity analysis provides two

useful messages: how to parameterize the GI function and how sensitive the

carbon budget is to canopy development stages. As long as the effect of

the GI function on carbon sink/source is quantified, improvement to NEP

simulation for a crop field can be specified.

The sensitivity exercise indicates that the modification of light extinc-

tion and leaf growth rate in the GI function can effectively improve the

modeled NEP. The light extinction coefficient is too high for a corn canopy

101



so the radiation is not able to penetrate into the canopy profile to meet the

demand of photosynthesis. If the light extinction coefficient is reduced by

20–30% as Fig. 3.11 (d) showed, the modeled NEP might align to 430 g C

m−2 of accumulated observed NEP. As mentioned previously, the underes-

timated diurnal NEP during August 12–14 and 19–20 (Fig. 3.6 (a)) may be

corrected by adjusting the light extinction coefficient. Moreover, the leaf

growth is too low to reach a higher carbon fixation in the growing season.

This underestimated NEP can be improved by increasing the leaf growth

rate by 30–35% as Fig. 3.11 (e) showed. The model captures the start of

carbon uptake, suggesting that the current value of Dln functions reasonably

well for our crop field. The value of Dln is set to 30 for this study.

The carbon sink/source for a crop field is dominated by agricultural

management practices and the duration of crop growth. Agricultural man-

agement controls the carbon sources before leaf emergence and after canopy

senescence. The duration of crop growth regulates the carbon sink during

the growing season. For example, both measurements and simulations sug-

gest that ∼400–500 g C m−2 d−1 of CO2 is taken up during the period

(P2–P3, DOY 151–270) of sowing to the end of growing season and ∼5–55

g C m−2 d−1 of CO2 is emitted to the atmosphere within a month after the

harvest (P4, DOY 271–300). In addition to agricultural management, the

sensitivity analysis indicates that carbon uptake is influenced strongly by

the light extinction coefficient and leaf growth rate. The parameters for the

GI function requires further validation to obtain a better crop phenology
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simulation and its feedback to carbon sink/source.

3.5 Summary

Modeling crop phenology using a process-based land surface scheme is an

important approach to the study of climate change in an agroecosystem.

With significant changes in land use, land cover and with different phe-

nologies for crops and forests, an appropriate crop phenology module is

necessary to meet the modeling challenge of representing the carbon budget

of agroecosystems. By following a recent modeldata intercomparison study

(Schwalm et al. 2010), this study demonstrated that the new crop phenolog-

ical scheme in the modified Carbon- and Nitrogen-coupled Canadian Land

Surface Scheme (CN-CLASS) has the capability of simulating carbon dy-

namics in a crop field. A flexible crop-specific phenological algorithm needs

to be adopted in land surface models for agricultural simulation. The main

conclusions are summarized below:

• The phenological algorithm is the core of the modification in CN-

CLASS. A better crop simulation was achieved by joining three mod-

eling mechanisms: (1) thresholds of the crop-specific growing degree

days for each phenology stage, (2) allocation functions that linked

with the phenological algorithm, and (3) an agricultural schedule that

regulated the growth duration.

• The regression analysis indicated that the new crop module within

the modified CN-CLASS improved the NEP simulation for a cornfield.
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The estimated carbon source is 5.2 g C m−2 and 50.3 g C m−2 during

the period of post-harvest and thaw, respectively. The total carbon

sink during the growing season (i.e., June–September) is estimated as

477.5 g C m−2, which is very close to the observed NEP value of 436.7

g C m−2.

• The carbon sink/source status is strongly regulated by the light ex-

tinction coefficient and leaf growth rate in the function of the leaf

growth index. For crop simulation, a significant improvement in mod-

eled NEP can be achieved by decreasing 20–30% of the light extinction

coefficient or increasing 30–35% of the leaf growth rate. The rate of

leaf growth is responsible for the carbon uptake and further influences

the annual carbon exchange.

• The crop phenological module allows for further studies concerning

management practices and environmental change. Once coupled to a

GCM, an interesting application would be an analysis of the feedbacks

between crop growth and the climate system. However, to be fully

operational, this module first needs to be calibrated and validated for

a wide range of environmental conditions and crop types.
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Chapter 4: Examination of Respiration

Algorithms in CN-CLASS for a Temperate

Deciduous Forest

ABSTRACT

Temperate deciduous forests uptake and release large amounts of carbon

annually through the natural processes of photosynthesis and respiration.

Since the difference between these two large amounts indicates whether a

given forest is a source or sink of carbon over a given time period, these

carbon exchanges and their controls need to be investigated carefully in

order to quantify ecosystem carbon budgets with confidence. It is neces-

sary to examine and partition these carbon exchanges in the process-based

models instead of lumping all carbon fluxes as autotrophic respiration and

heterotrophic respiration. In the process-based models, the strength of com-

ponent respiration is usually described by the temperature dependence of

the Q10 function; however this relationship varies with plant functional type

and is also sensitive to plant growth and the size and quality of the carbon

reservoir. The Q10 values requires a validation based on field measurements.

Once the process-based land surface models have been validated comprehen-
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sively, the models provide a useful modeling approach to gap-fill the missing

respiration measurements and to quantify the annual carbon exchanges.

This study initializes the first modeling work to examine the perfor-

mance of the respiration algorithms in the Carbon- and Nitrogen-coupled

Canadian Land Surface Scheme (CN-CLASS) at a study site, the Borden

Forest Research Station (BFRS), of temperate deciduous mixedwood forest

in Ontario, Canada in 2009. The vegetation growth, carbon reservoir, respi-

ration rate and Q10 values were parameterized based on field measurements

and related studies. The dynamics of plant growth and component respi-

ration were examined to evaluate the plant phenology and base respiration

rates. The effects of climatic factors on soil respiration were also tested in

order to evaluate the ecosystem carbon budget. The results show that the

respiration algorithms provide a similar soil CO2 respiration dynamics with

chamber measurements at BFRS. In summary, the model estimates that

the total annual ecosystem CO2 respiration was ∼1366 g C m−2 yr−1, con-

tributed by heterotrophic respiration (57%), maintenance respiration (37%)

and growth respiration (6%). The annual accumulated soil respiration was

estimated at ∼782 g C m−2 yr−1, which was dominated by CO2 emissions

from soil organic matter (60%). Root autotrophic respiration contributes

only ∼4% (28.6 g C m−2 yr−1) of annual Rs. The base respiration rates

require a further validation spatially and temporally.
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4.1 Introduction

Temperate deciduous forests play an important role in the global carbon

cycle and are sensitive to climate change (Barr et al. 2002; Baldocchi and

Vogel 1996; Black et al. 2000; Lindroth et al. 1998). The deciduous forests

have a large capacity for the carbon uptake and also transform assimilated

carbon to plant biomass and autotrophic respiration. Due to a significant

amount of litterfall annually for the decomposition of soil organic carbon,

the soil respiration becomes a hot topic for evaluating the CO2 contribution

from litterfall and the mechanism of decomposition in the forest ground.

In temperate deciduous forests, soil respiration is the second largest car-

bon flow after gross ecosystem photosynthesis (Teklemariam et al. 2009).

Lately, the bulk soil respiration has been well documented in both the field

measurement and the modeling approach. However, the partitioning of soil

respiration still requires an advanced technique for field measurements and

a comprehensive examination for each respiration algorithm in the process-

based land model. Since a direct approach for model validation in soil respi-

ration simulation requires a comparative field measurement (e.g., litter bag

measurement, below-ground biomass measurement and stable isotope CO2

measurement), an alternative model validation can be achieved by examin-

ing the dynamics of plant growth and its associated respiration. This indi-

rect approach provides a comprehensive examination for the future model

development and the field experiment design.

The carbon contribution of soil respiration to climate change needs to be
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quantified for a better understanding of the carbon budget in ecosystems.

Several studies have pointed out that soil respiration dynamics are influenced

by many factors, such as climate (Jensen et al. 1996; Keith et al. 1997;

Urbanski et al. 2007), species composition (DeForest et al. 2009, 2006),

stand age (Jiang et al. 2005; Tang et al. 2009), litterfall (Longdoz et al.

2000; Raich and Tufekcioglu 2000) and soil properties (Khomik et al. 2006;

Russell and Voroney 1998; Raich et al. 2002). To take these biotic/abiotic

factors into account when examining soil respiration, a process-based model

can be adopted to simulate carbon dynamics at a high temporal resolution.

Studies (Harden et al. 1997; Russell and Voroney 1998; Khomik et al.

2006) raised several challenging concerns regarding partitioning soil respira-

tion. Particularly for modeling soil respiration, it is very difficult to obtain

field measurements of each potential emission source to validate respiration

algorithms in process-based models. However, the validation of respiration

algorithms can be achieved by examining the dynamics of biomass accumu-

lation and carbon allocation, because the size of the carbon pool in each

emission source is related to the respiration quantity. On the other hand,

water stress and temperature are two major climatic factors that also reg-

ulate the sensitivity of respiration to changing environment (Khomik et al.

2006; Longdoz et al. 2000; Raich and Tufekcioglu 2000). Therefore, an ex-

amination of the effects of climatic factors on soil respiration can help to

validate respiration estimation. In addition, measuring long-term carbon

dynamics at the daily and half-hourly time-step is very expensive and the
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measurements usually contain a certain amount of missing data and it only

represents the carbon cycle at a specific region. It is necessary to verify the

current respiration algorithms for gap-filling the missing data and also for

accounting carbon budget in a large area.

In this study, I adopted the Carbon- and Nitrogen-coupled Canadian

Land Surface Scheme (CN-CLASS) (Arain et al. 2002), which evolved from

the CLASS model (Verseghy 1991; Verseghy et al. 1993). CLASS is a land

surface scheme developed for use in the Canadian global climate model

(CGCM). It is the first time to examine the CN-CLASS performance at a

deciduous forests study site in Ontario, Canada. For examining the carbon

respiration algorithms in CN-CLASS, I used the carbon mode of CN-CLASS

for the simulations so that the maximum carboxylation rate remained con-

stant instead of being governed by modeled leaf Rubisco-nitrogen. The

simulations were driven using measured half-hourly downwelling short-wave

and long-wave radiation, air temperature, specific humidity, precipitation

and atmospheric pressure from my study site.

According to Arain et al. (2002), the carbon flux in the CN-CLASS model

was constructed as three dominant components: photosynthesis (Wang and

Leuning 1998), autotrophic respiration (Bonan 1996; Ryan et al. 1997) and

heterotrophic respiration (Bonan 1996; Bunnell et al. 1977). The carbon

fluxes and the associated carbon pools in the model are illustrated in Fig. 4.1.

Autotrophic respiration produces CO2 from carbonhydrates in plants that

provide energy for growth and metabolic processes. Autotrophic respiration
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can be further divided into growth respiration and maintenance respiration.

The fraction of respiration related to photosynthesis or synthesizing new

plant materials has been called growth respiration. Maintenance respira-

tion derives from processes related to the constant turnover of the plant

components. Heterotrophic respiration is the process of soil organic car-

bon decomposition, in which the carbon source consists of dead plant and

microbial biomass components. Soil respiration consists of heterotrophic

respiration and below-ground autotrophic respiration. Since these respira-

tory reservoirs are linked and governed by plant growth in the model, it

is necessary to validate each respiration algorithm in CN-CLASS for more

reliable carbon cycle studies.

In order to examine the carbon respiration algorithms in the CN-CLASS

model, I first validated fundamental parameters to represent similar dynam-

ics of energy fluxes, soil climatic condition, vegetation growth and net carbon

exchange based on field measurements and other studies. The contributions

of maintenance, growth and soil respiration from each carbon pool were

highlighted to reflect their correspondence with vegetation growth and lit-

terfall. In addition, Q10 temperature response, initial carbon reservoirs and

annual net primary production (NPP) dynamics were validated based on

my soil CO2 chamber measurements and field survey. In this study, NPP is

the biomass of carbon per unit area per unit time. The base rates of res-

piration in the respiration algorithms were parameterized based on similar

studies. The objectives of this study focused on an examination of respi-
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Figure 4.1: Schematic of respiration sources and the associated carbon pools

in the CLASS model. Boxes represent carbon pools and arrow lines indi-

cate carbon respiration flows. Ra, Rg, Rm and Rh indicate autotrophic

respiration, growth respiration, maintenance respiration and heterotrophic

respiration.
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ration algorithms in CN-CLASS for a temperate deciduous forest site in

Ontario, Canada, based on soil CO2 chamber experiment of Bartlett et al.

(2009, 2010a,b). The objectives of this study were targeted to examine (1)

the relationship between dynamics of component respiration and carbon al-

location; (2) the sensitivity of component respiration to soil climatic factors;

and (3) the partitioning of annual soil respiration from litterfall, soil organic

matter and root respiration.

4.2 Material and Methods

4.2.1 Site Description

My study site, the Borden Forest Research Station (BFRS), is located at

the Canadian Forces Base Borden in southern Ontario, Canada (44.19◦N,

79.56◦W). It is the only site with a mixed deciduous forest and long-term flux

measurements in the Fluxnet-Canada/Canadian Carbon Program network

(Coursolle et al. 2006). The forest transformed naturally from farmland

to forest in the early 1890s. The recent plant components consist of 50%

red maple and 50% white pine, ash and beech approximately (Teklemariam

et al. 2009). The average canopy height is 22 m. The mid-growing season

leaf area index ranges from 4.1–5.1, depending on sampling time and spatial

heterogeneity. The period of leaf emergence ranges from DOY 111–125

and complete leaf fall ranges from DOY 294–280. The duration of forest

photosynthesis is ∼180 days. The major site parameters are listed in Table

4.1. A detailed site description can be found in Barr et al. (2002), Lee et al.
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(1999), Staebler et al. (2000) and Teklemariam et al. (2009).

Eddy-covariance CO2 flux, water and energy exchange, soil water con-

tent, soil temperature, and meteorological parameters have been measured

almost continuously at the BFRS since 1995. These measurements provide

useful information about the role of mid-latitude mixed deciduous forests

in the global carbon cycle (Barr et al. 2002; Lee et al. 1999; Staebler et al.

2000). The on-site weather measurements at a half-hourly time-step pro-

vided the forcing data for the model simulations. The model was param-

eterized and validated for deciduous forest phenology and soil conditions

based on field measurements of latent heat flux (λE), sensible heat flux (H),

canopy temperature (CT), soil temperature (ST), soil water content (SWC),

leaf area index (LAI), soil organic carbon (SOC), and net ecosystem pro-

duction (NEP) estimated from an eddy covariance carbon flux tower at the

BFRS. CT was measured by thermocouples installed in trees at the heights

of 2, 5 and 9 m. ST and SWC were measured at depths of 5, 10, 20, 50

and 100 m using Campbell Scientific thermistors and thermocouples and

time domain reflectometry probes, respectively. The soil samples were sent

to University of Guelph Agriculture and Food Laboratory for textural and

SOC analysis. Each soil sampling column has five depth segments: 0–10,

10–15, 15–30, 30–45, and 45–60 cm.

The eddy covariance carbon flux was used to represent the site NEP.

Corrections were applied to the eddy covariance carbon fluxes to account for

density changes caused by heat and water vapour transfer (Webb et al. 1980).
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Soil CO2 chamber measurements (Bartlett et al. 2009, 2010a,b) were adopted

to examine the dynamics of soil respiration (Rs) in the carbon respiration

algorithms of CN-CLASS. The evaluation of the simulation was based on

the statistical method of Janssen and Heuberger (1995), and included root

mean squared error (RMSE), slope (S) and intercept (INT), coefficient of

determination (r2), statistical significance (p), and the number of model

outputs/observations (n).

4.2.2 Model Parameterization and Respiration Algorithms

In order to simplify the model parameterization for mixedwood forests, the

plant functional type in the model was parameterized as a grid cell covered

by deciduous forest for this study. The parameters related to photosynthesis

and stomatal conductance for deciduous forests were based on Arain et al.

(2002) and Yuan et al. (2008).

To accommodate the temperate deciduous forests at the BFRS, I val-

idated the tree size, plant density and leaf phenology based on the field

measurements (Barr et al. 2002; Lee et al. 1999; Staebler et al. 2000; Tekle-

mariam et al. 2009). Since LAI calculations were based on allometric rela-

tionships that considered leaf biomass and plant density, the plant density

was set to 0.3 tree m−2. Furthermore, leaf surface area per unit biomass,

known as specific leaf area (SLA), was used to convert leaf biomass to LAI.

The SLA was set to 35.0 m2 kg−1 biomass for deciduous mixedwood forests

(Lee et al. 2005). The site parameters, including initial values for SOC based
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Table 4.1: Major site parameters were adopted from Barr et al. (2002); Lee

et al. (1999); Staebler et al. (2000); Teklemariam et al. (2009). The LAI

may vary with time and spatial heterogeneity. The SLA was adopted from

Lee et al. (2005)
Site parameter Symbol Unit Value

Latitude, Longitude deglat, deglon ◦ 44.19◦N, 79.56◦W

Elevation – m 120

Plant function type iveg – 2

Natural regrowth – year 110

Plant height – m 22

Plant density pdty tree m−2 Living tree: 0.3

Living and dead trees: 0.41

Plant biomass – kg m−3 2.51

Leaf Area Index lamxrow, lamnrow – Minimum: 1.49

– Maximum: 4.1–5.1

Specific Leaf Area slapm m2 (kg C)−1 35.0

Growing season – DOY 111 – 294

Soil texture 0–30 cm sandrow, clayrow % Sand: 90.9; Silt: 6.0; Clay: 3.1

on my field measurements, are shown in Table 4.1.

Due to the unavailability of the necessary input data of vegetation dis-

tribution from the field, a set of constant nitrogen:carbon (N:C) ratios for

the ecosystem carbon stocks was adopted from Yuan et al. (2008) for conif-

erous forests. The N:C ratios were used as the parameter format in the

CN-CLASS to describe the relationship of carbon and nitrogen in various

carbon stocks. Initial carbon stocks for above- and below-ground biomass

and litter pool were the same as Yuan et al. (2008) as listed in Table 4.2.
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Table 4.2: The parameters related to initial carbon stocks and N:C ratio

for above- and below-ground biomass, litterfall and SOC pools. The N:C

ratios are the parameter format in CN-CLASS. Most of the initial carbon

stocks were adopted from Arain et al. (2002, 2006) and Yuan et al. (2007,

2008). The initial carbon stock for SOC pools were updated based on the

field measurements at BFRS in 2009. The N:C ratios were adopted from

Yuan et al. (2007).
Carbon/Nitrogen parameter Symbol Units Value

Carbon parameter

Carbon in reserved pool Cpool kg C m−2 0.01

Carbon in total wood Cwood kg C m−2 7.0

Carbon in heartwood Chwood kg C m−2 6.3

Carbon in coarse root C croot kg C m−2 1.74

Carbon in fine root C froot kg C m−2 0.35

Carbon in surface litter C slitter kg C m−2 1.21

Carbon in root litter C rlitter kg C m−2 0.2

Carbon in short-lived SOC C fsom kg C m−2 0.2

Carbon in stable SOC C ssom kg C m−2 4.5

Nitrogen parameter

Nitrogen bio-fixation Nfix g N m2 s−1 3.5×10−7

Nitrogen deposition N dep g N m2 s−1 1.5×10−8

Nitrogen fertilization N fer g N m2 yr−1 0

Nitrogen:Carbon ratio in reserved pool N pool kg N (kg C)−1 0.1

Nitrogen:Carbon ratio in leaf N leaf kg N (kg C)−1 0.024

Nitrogen:Carbon ratio in sapwood N swood kg N (kg C)−1 0.002

Nitrogen:Carbon ratio in heartwood N hwood kg N (kg C)−1 0.001

Nitrogen:Carbon ratio in coarse root N croot kg N (kg C)−1 0.01

Nitrogen:Carbon ratio in fine root N froot kg N (kg C)−1 0.02

Nitrogen:Carbon ratio in surface litter N slitter kg N (kg C)−1 0.0125

Nitrogen:Carbon ratio in root litter N rlitter kg N (kg C)−1 0.01

Nitrogen:Carbon ratio in short-lived SOC N fsom kg N (kg C)−1 0.04

Nitrogen:Carbon ratio in stable SOC N ssom kg N (kg C)−1 0.03
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Modeling Mechanism of Autotrophic Respiration

In the CN-CLASS model, the major respiration components are autotrophic

respiration (Ra) and heterotrophic respiration (Rh). Ra is composed of

growth respiration (Rg) and maintenance respiration (Rm):

Ra = Rg,j +Rm,k (4.1)

where the j and k denote the various plant components including leaf, stem,

and roots. In general, Rg is proportional to the growth dynamics, whereas

Rm varies with the amount of living tissue, adjusted for protein content

and temperature. Rg refers to CO2 evolution from processes that generate

energy for the synthesis of plant dry matter; Rm is very important for trees

because of the large amount of respiring biomass in the stem, roots and

branches, and the sensitivity of this process to temperature. In CN-CLASS,

Rg is set to 30% of NPP for the components of the non-structural reservoir

(Arain et al. 2002). NPP is net carbon assimilation that is calculated by

subtracting Ra from gross photosynthesis.

Maintenance respiration is the CO2 evolution from maintenance pro-

cesses within the cells, including protein turnover, the maintenance of ion

and metabolite gradients, and physiological adaption to a changing environ-

ment (Penning de Vries 1975). For modeling Rm, the respiration algorithms

are parameterized by base rate of respiration, a Q10 function, and the associ-

ated carbon stock (Amthor 1984). The base rate of respiration is described

at a reference temperature of soil or canopy (Bonan 1996; Bunnell et al.
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1977). In particular, the Rm for wood usually presents a linear relation-

ship with live-cell volume in pine trees (Ryan 1990), where most of the cells

(80%) can be found in sapwood. I assumed that there was no respiration

from the heartwood component. Therefore, the Rm,w was parameterized by

the volume of sapwood instead of the biomass. In CN-CLASS, the Rm for

plant components was parameterized as a combination of respiration rate,

plant growth and canopy temperature using the Q10 function (Bonan 1996):

Rm,l = Rm0,l × LAI×Q(CT−15)/10
10,m

Rm,w = Rm0,w × Vsap ×Q(CT−15)/10
10,m

Rm,r = Rm0,r × Cr ×Q(CT−15)/10
10,m

(4.2)

where Rm,l, Rm,w, and Rm,r are the leaf, wood, and root maintenance res-

piration, respectively. V sap is the volume of sapwood and C r is the root

biomass. The temperature dependence of Q10,m for wood and root respira-

tion are given in Table 4.3. CT is the canopy temperature.

Soil Organic Carbon Decomposition and Heterotrophic Respiration

The carbon sources for SOC decomposition are plant litter and the three

SOC pools as illustrated in Fig. 4.1. The carbon flows among these pools

were linked with initial carbon reservoirs and biomass accumulation, because

a fraction of the organic carbon in the foliage and stem components was

transferred to the surface litter pool. In addition to the surface litter pool,

the soil litter pool is another SOC source due to inputs from plant roots and

root exudation. The distribution and mineralization of carbon in the litter
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Table 4.3: The parameters for carbon respiration functions in CLASS. Most

of the values were adjusted from Arain et al. (2006) and Yuan et al. (2007,

2008) for deciduous forests. The respiration rates were based on Bonan

(1996); Bunnell et al. (1977). The Q10 values for Rh were based on Bartlett

et al. (2009) at BFRS. The Q10 values for Rm were based on Yuan et al.

(2008) for coniferous forests.
Respiration parameter Symbol Unit Value Reference

Rate of Rh at 10◦C Rh0,i µmol CO2 (kg C)−1 s−1 Yuan et al. (2008)

• surface litter 0.5

• root litter 2.0

• short-lived SOC 10.0

• stable SOC 0.2

Rate of leaf Rm at 15◦C Rm0,l µmol CO2 m−2 s−1 ∼0.5 Ryan (1995)

Rate of wood Rm at 15◦C Rm0,w µmol CO2 m−3 s−1 ∼7.0 Ryan et al. (1995)

Rate of root Rm at 15◦C Rm0,r µmol CO2 (kg C)−1 s−1 ∼1.5 Ledig et al. (1976)

Partitioning coefficients for Rg K g,j – 0.3 Yuan et al. (2008)

Q10 for Rh Q10,h – Bartlett et al. (2009)

• ST ≤ 5◦C 4.5

• 5◦C < ST < 30◦C 2.0

• ST ≥ 30◦C 3.8

Q10 for fine root/leaf Rm Q10,m – Yuan et al. (2008)

• CT ≤ 5◦C 2.0

• CT > 5◦C 2.0

Q10 for coarse root/stem Rm Q10,m – Yuan et al. (2008)

• CT ≤ 5◦C 2.0

• CT > 5◦C 1.5

One-half field capacity a1 – 0.06 Bartlett et al. (2009)

One-half saturation a2 – 0.17 Bartlett et al. (2009)
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and SOC pools are described by the associated N:C ratio parameters (Table

4.2). Hence, the process of decomposition is governed by the dynamics

of carbon pools, soil climatic factors, soil physical conditions and associated

N:C ratios using the concept of first order kinetics (Arain et al. 2006; Drewitt

et al. 2002):

Rh = Ki × Ci

Ki = Rh0,i ×Q
(Ts−10)/10
10,h ×

(
θs

a1−θs
a2

a2−θs

) (4.3)

where Rh0,i is the base respiration rate at a reference temperature of 10◦C, C i

represents the size of the carbon pool, and Q10,h is the decomposition effect

of ST, multiplied by the effect of SWC on decomposition. The i denotes the

various carbon pools: surface litter (slitter), root litter (rlitter), short-lived

SOC (fsoc), and stable decomposable SOC (ssoc). The a1 is one-half the

soil water content at field capacity; the a2 is one-half the saturation water

content (i.e., porosity). The Q10,h values were adopted from Bartlett et al.

(2009, 2010b,a). Values for the respiration parameters for deciduous forests

are given in Table 4.3. In addition to the contribution of Rh for total soil

CO2 emission, the Rs also includes the Ra from roots. Thus, the total value

of Rh and Ra,root was used to compare with the measurements from the soil

CO2 chambers at the BFRS.
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4.3 Results

4.3.1 Model Validation for a Deciduous Forest Site

The model was validated using my field measurements of CT, ST, SWC,

LAI and NEP in 2005 before examining the respiration algorithms. Fig. 4.2

shows the comparison of simulated/observed CT, ST and SWC at a daily

time-step. In Fig. 4.2 (a)–(b), the results show seasonal patterns of canopy

temperature and soil temperature. CT reaches > 25◦C during the summer

and drops down to < 0◦C during the winter at a 9 m height. ST at a 20

cm depth is always > 0◦C and reaches a peak of 25◦C in August. The

linear regression analysis comparing daily CT (simulated versus measured,

n = 365) indicates r2 of 0.98 with RMSE of 2.07◦C, S of 0.94 and INT of

–0.72◦C. Regression analysis of daily ST (n = 365) indicates r2 of 0.94 with

RMSE of 2.83◦C, S of 0.93 and INT of 1.61◦C. These results demonstrate

that the model is capable of simulating the thermal transport in the canopy

and in the top soils.

In order to test SWC simulation in CN-CLASS, a comparison of SWC

between measurements and simulations is shown in Fig. 4.2 (c). Regression

analysis of daily SWC (n = 365) indicates r2 of 0.29 with RMSE of 0.05 m3

m−3, S of 0.18 and INT of 0.10 m3 m−3. The model captures the tendency

of observed SWC in the upper soil layers. Both simulated and observed

SWC at 20 cm depth vary around 0.1–0.2 m3 m−3 throughout the year. An

obvious peak of SWC can be found in April due to melting snow; several

relatively larger values of SWC during the summer were caused by rainfall
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Figure 4.2: A comparison of simulated and observed (a) canopy temperature,

(b) soil temperature and (c) soil water content at a daily time-step in 2009

at the BFRS. The canopy temperature was measured at a 9 m height of

maple trees. The soil temperature was measured at a 20 cm depth of the

soil layer. The simulated soil temperature and soil water content present

the averaged value for the 0–40 cm depth of soil layer.
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events.

Regression analysis of daily H and λE (simulated versus measured, n =

365) also shows that the model has a relatively reliable control of exchanges

of heat H (RMSE = 32.60 W m−2, S = 0.72, INT = 1.91, r2 = 0.75, p

< 0.001) and water vapor λE (RMSE = 22.75 W m−2, S = 1.23, INT =

1.75, r2 = 0.83, p < 0.001). A comparison of simulated/observed NEP can

be seen in Fig. 4.3, showing that the model captures the seasonal pattern

of net carbon exchange ranged from –1 g C m−2 d−1 in the non-growing

season to 12 g C m−2 d−1 in the mid-growing season, approximately. The

site parameters were validated to simulate the balance of water, energy and

carbon for this deciduous forest. The validated parameters (Table 4.1 and

4.2) remained the same when examining the respiration algorithms in the

CN-CLASS model.

4.3.2 Autotrophic Respiration

Fig. 4.4 shows the simulated dynamics of leaf growth and autotrophic res-

piration. In Fig. 4.4 (a), the comparison shows that the model captures the

periodic LAI observations, indicating that both the simulated and observed

LAI range from 3.6 to 3.9 during June to mid-September. The simulated

LAI indicates that the maximum leaf growth occurred in June and reached

full canopy development from July to mid-September. This result relates

to the condition of leaf growth, showing that the major carbon assimila-

tion occurred from May to June and senescence during September. The
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Figure 4.3: A comparison of simulated NEP and eddy-covariance carbon flux

in 2009 at the BFRS. The dash line indicates the smooth flux measurements

using the smooth function in the MATLAB application.
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Figure 4.4: The dynamics of (a) simulated and observed LAI and leaf NPP,

(b) maintenance respiration for leaf and (c) growth respiration for leaf in

2009 at the BFRS. The LAI measurements were sampled at DOY 113, 116,

183 and 261.

maximum and minimum leaf NPP are estimated at ∼90 and ∼35 g C m−2,

respectively.

Fig. 4.4 (b) shows the seasonal pattern of Rm,leaf, indicating the active

period is consistent with the growing season from May to September. Two

obvious peaks of Rm,leaf (> 5 g C m−2 d−1) can be found in late June and

mid-August, which correspond with temperature peaks. The daily average

Rm,leaf for growing season and non-growing season are about 4 and 1 g C

125



m−2 d−1, respectively. The daily average Rg,leaf ranges from 0.2 to 0.5 g C

m−2 d−1 with a peak of ∼0.7 g C m−2 d−1 occurring in June, as shown in

Fig. 4.4 (c).

The simulation of wood growth and respiration are presented in Fig. 4.5.

Fig. 4.5 (a) shows that two peaks in Vsap and wood NPP occur in mid-

May and August; they are relatively greater than any peaks in the non-

growing season. Those two peaks are associated with maximum net carbon

assimilation and leaf NPP. Vsap and wood NPP are simulated at a range of

5.94 × 10−3 to 5.98 × 10−3 m3 m−2 and 6960 to 7000 g C m−2, respectively.

Fig. 4.5 (b) shows the annual pattern of Rm,wood, ranging from ∼0.02 g C

m−2 d−1 for the non-growing season to ∼0.05 g C m−2 d−1 for the growing

season. Since Rg,wood is parameterized as a fraction of the changes in wood

NPP, Rg,wood is calculated as 0.1–0.2 g C m−2 d−1 for the major periods of

wood growth and < 0.1 g C m−2 d−1 for the non-growing season, as shown

in Fig. 4.5 (c). In addition, the available carbon for wood respiration is the

carbon remaining after leaf growth. The depleted Rg,wood in May might be

caused by a large proportion of carbon allocation for leaf growth.

Fig. 4.6 shows the root NPP dynamics and its associated respiration.

In Fig. 4.6 (a), the model estimates that the coarse root NPP remains at

a stable level at ∼460 g C m−2 throughout the year; however the fine root

NPP ranges 340–370 g C m−2 with two major carbon accumulation periods

in May and July. In Fig. 4.6 (b), several Rm,root peaks range from 0 to

0.3 × 10−5 g C m−2 d−1 during the non-growing season. Rm,root stays
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Figure 4.5: Simulation of (a) the volume of sapwood and wood NPP, (b)

maintenance respiration for wood and (c) growth respiration for wood in

2009 at the BFRS.
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Figure 4.6: Simulation of (a) fine and coarse root NPP, (b) maintenance

respiration for roots and (c) growth respiration for roots in 2009 at the

BFRS.

at a relatively stable level with a maximum value of 0.6 × 10−5 g C m−2

d−1 during the growing season. In Fig. 4.6 (c), the results show that the

magnitude of Rg,root is ∼0.2 g C m−2 d−1 with two larger emission periods

in April and July.

128



4.3.3 Heterotrophic Respiration and Soil Respiration

Fig. 4.7 (a) shows the dynamics of simulated/observed Rs. The soil CO2

chamber observations captured the overall emission sources from soils, in-

cluding CO2 released from the SOC decomposition and Ra. Therefore, the

simulated Rh and root respiration are combined to compare with the obser-

vations. In the comparison, the simulated/observed Rs increased from 1 g C

m−2 d−1 in May to 5–8 g C m−2 d−1 in the middle of the growing season and

then decreased to 3–4 g C m−2 d−1 in September. The seasonal dynamics of

the simulated Rs captures the general trend except for the underestimations

in July, September and October.

Fig. 4.7 (b) shows a summary of annual totals of Rs and its associated

emission sources: plant litter, soil organic carbon and root respiration. The

results indicate that the surface litter and root litter contribute 195 and

115 g C m−2 yr−1 to Rs, respectively; the contributions from the fast soil

organic carbon and stable soil organic carbon are 238 and 235 g C m−2 yr−1,

respectively. Overall, soil organic carbon contributes a majority (∼60%) of

annual Rs and Ra,root contributes only ∼4% (28.6 g C m−2 yr−1) of annual

Rs. I found that the model is likely to underestimate the annual Rs, because

the annual simulated Rs (776.8 g C m−2 yr−1) is close to the totals (782 g

C m−2 yr−1) of available chamber measurements obtained during the major

growing season, which does not take non-growing season Rs into account

for the annual totals. The depleted Rs simulated in July, September and

October may also be the reason for this underestimation.

129



Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan
0

5

10

Month (2009)

R
s (

g 
C

 m
−

2  d
−

1 )

 

 
sim (R

h
 + R

a, root
)

obs

total slitter rlitter fsom ssom root
0

200

400

600

800

A
cc

u.
 R

s (
g 

C
 m

−
2 )

(a)

(b)

R
h

R
a

Figure 4.7: The dynamics of soil respiration and its emission source parti-

tioning in 2009 at the BFRS. (a) The simulated and observed soil respiration

at a daily time-step, which are the total values of heterotrophic respiration

and root autotrophic respiration; the observed soil respiration is measured

in a fixed soil CO2 chamber. (b) The accumulated soil respiration from var-

ious carbon pools. The denotations of total, slitter, rlitter, fsoc, ssoc and

root are total soil respiration, surface litter, root litter, short-lived SOC,

stable SOC and root respiration (i.e., growth respiration and maintenance

respiration), respectively.
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Figure 4.8: The dynamics of (a) litter component of leaf, wood and roots,

(b) surface litter, (c) root litter and short-lived SOC and (d) stable SOC.

To quantify the carbon flows in SOC decomposition, the CO2 contribu-

tion from dead plant components and soil organic carbon pools are shown

in Fig. 4.8. In Fig. 4.8 (a), the results show that the root litter decreases

from ∼200 g C m−2 in June to ∼135 g C m−2 in October and then slightly

increases to 150 g C m−2 by the end of year. The fresh wood litter in 2009

steadily increases from 0 before the growing season to 130 g C m−2 by the

end of year. The leaf litter accumulates to ∼55 g C m−2 after the growing

season.
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The above- and below-ground plant litter are the carbon sources for

the SOC decomposition. The dynamics of the surface litter are presented

in Fig. 4.8 (b). The results show that the surface litter pool remains at a

relatively stable level of 1200 g C m−2 at the beginning of the growing season

and decreases to ∼1100 g C m−2 by the end of the growing season. Due to

the input of leaf and wood litter, the total surface litter pool increases to

∼1150 g C m−2 by the end of 2009.

Fig. 4.8 (c) shows that the root litter pool decreases from 200 g C m−2 at

the beginning of the year to 150 g C m−2 at the end of year. In general, the

SOC trends in these carbon pools are similar but of different magnitudes as

presented in Fig. 4.8 (c)–(d). The results indicate that the short-lived SOC

and stable SOC range from 40–200 and 4270–4500 g C m−2, respectively.

About 160 and 230 g C m−2 are lost due to the process of decomposition in

the short-lived SOC and stable SOC in 2009, respectively.

4.3.4 Relationship of Soil Respiration and Soil Climatic Factors

The process of SOC decomposition is regulated by SWC and ST in CN-

CLASS, as shown in Eq. 4.3. Fig. 4.9 (a)–(b) illustrates the relationship

between Rs, SWC and ST. In Fig. 4.9 (a), the result indicates that Rs

decreases gradually with the increased SWC in both simulation and obser-

vation. Although the magnitude of simulated/observed SWC is not always

consistent, the simulated/observed Rs are of similar magnitudes, showing

that most Rs values are < 1 g C m−2 d−1. Since there were no extended dry
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periods in 2009, the relationship between Rs and SWC may not have been

adequately tested.

In Fig. 4.9 (b), an exponential relationship between Rs and ST can be

found in both the simulation and measurements. The observed values show

a good fit to the exponential relationship assumed by the Q10 temperature

response. The semi-elliptical hysteresis loop (Phillips et al. 2011) is also seen

in my simulation, because Rs often lags behind from ST by several hours.

Rs is partly dependent on the evolution of ST ranging from 0–20◦C under an

undisturbed soil condition at the BFRS. In addition, several low Rs events

occur below 1 g C m−2 d−1 and above 3.5 g C m−2 d−1. This indicates that

Rs might be sensitive to a lower and higher ST beyond the 0–20◦C range

observed here. Fig. 4.9 (c) shows the diurnal pattern of simulated/observed

ST and Rs in July 10–24, 2009. Although both simulation and observation

present similar tendencies for ST and Rs, the model shows a stronger diurnal

pattern of Rs than the observations. This simulated Rs amplitude is related

to the greater amplitude of the simulated ST pattern in the upper soil layers.

Fig. 4.10 shows the difference between simulation and observation (sim.

– obs.) for ST and Rs. The values close to the zero line indicate a higher

accuracy of simulation. The positive/negative errors shown represent the

overestimated/underestimated simulations. The fixed chamber values rep-

resent the soil respiration measured at a certain spatial location, while the

spatial chamber values were corrected from the linear regression function of

Rs,spatial = Rs,fixed × 0.727 + 0.623 derived from multiple soil CO2 chambers
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Figure 4.9: The relationship between soil respiration and soil climatic con-

dition in 2009 at the BFRS. Obs denotes the observations of soil respiration,

soil water content and soil temperature; sim denotes those simulated in the

model. (a)–(b) The relationship between soil respiration and soil water con-

tent/soil temperature. The soil water content and soil temperature were

measured at a 20 cm depth of the soil layer near the soil CO2 chamber. (c)

The comparison of half-hourly simulated (20 cm depth) and observed soil

respiration and soil temperature in July 10–24, 2009.
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at the BFRS (Bartlett et al. 2009, 2010a,b). The model underestimates Rs

up to 4 g C m−2 d−1. The amplitude of simulated ST pattern (Fig. 4.9 (c))

causes a wide range of simulated ST errors in a range of ±6◦C. The results

indicate that the corrected spatial Rs reduces the majority of overestimated

Rs; however, the correction also causes a few overestimated Rs.

In order to distinguish the difference between fixed chamber measure-

ments and corrected values, regression analysis of daily Rs in 2009 (simu-

lated versus measured data, n = 167) is presented in Fig. 4.11. I found that

these overestimated Rs after the correction caused a smaller slope of fit line

for the corrected value (S = 0.48) than that of fixed chamber observation (S

= 0.66). r2 of 0.74 is presented for both fixed and corrected values; however,

the RMSE is decreased from 1.76 in fixed chamber measurements to 1.36 in

corrected values.

4.3.5 Sensitivity Analysis of Respiration Functions

A sensitivity test was designed to evaluate the impact of empirical param-

eters, such as Q10 values and base respiration rates on the annual Rs. The

results are summarized in Table 4.4. Q10,m, Q10,h and Rh0,i were evaluated

by increasing/decreasing them by ±35% relative to the values employed for

the base simulation. During this exercise, one variable was changed at a

time, while all others were kept constant.

In Fig. 4.12, the results show that increasing Q10 values for coarse root

causes a decreasing Rs. The Q10 temperature effect depends on whether the
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Figure 4.10: The error plot (model outputs – observed values) of soil temper-

ature vs. soil respiration at a daily time-step. The fixed soil CO2 chamber

values were measured at a single spatial spot; the linear regression function

for spatial distribution of soil CO2 fluxes was obtained from multiple soil

CO2 chambers at several locations at the BFRS.
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The simulation scenarios are based on Table 4.4. The curves of 100%, 135%

and 65% represent the response of accumulated Rs to the original value and

±35% changes of Q10 and Rh0. The accumulated soil respiration from the

available soil CO2 chamber measurements is denoted as obs, which provides

a reference for a general pattern of accumulated soil respiration during the

growing season.
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Table 4.4: The summary of sensitivity analysis on ±35% of the original value

of Q10,m, Q10,h and Rh0,i for different plant components. The Diff. indicates

the Rs difference between modified and original simulation (mod. – orig.).

The % of inc. indicates the percentage of increase/decrease from original

simulation for the modification (i.e., Diff. divided by Rs of the original sim-

ulation).
Function Scenario Parameter Rs Diff. % of inc.

g C m−2

Q10,m (CT > 5◦C)

Fine root/Leaf Original 2.0 811.0

+35% modified 2.7 801.2 –9.8 –1.2

–35% modified 1.3 822.1 +11.1 +1.4

Coarse root/Stem Original 1.5 811.0

+35% modified 2.025 808.8 –2.2 –0.3

–35% modified 0.975 1458.5 +647.5 +44.4

Q10,h

5◦C < ST < 30◦C Original 2.0 811.0

+35% modified 2.7 800.0 –11.0 –1.4

–35% modified 1.3 830.9 +19.9 +2.4

Rh0

Surface litter Original 0.5 811.0

+35% modified 0.675 874.8 +63.8 +7.3

–35% modified 0.325 742.4 –68.6 –9.2

Root litter Original 2.0 811.0

+35% modified 2.7 835.9 +24.9 +3.0

–35% modified 1.3 778.2 –32.8 –3.9

Short-lived SOC Original 10.0 811.0

+35% modified 13.5 825.5 +14.5 +1.8

–35% modified 6.5 779.6 –31.4 –4.0

Stable SOC Original 0.2 811.0

+35% modified 0.27 899.7 +88.7 +9.9

–35% modified 0.13 720.3 –90.7 –12.6
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affected carbon pools spend more time above or below 10◦C. Rs is less sensi-

tive to Q10,m and Q10,h, except for the 35% decrease of Q10,m for stem/coarse

root. Decreasing Q10,m by 35% increases annual Rs by 44%. The effect of

Q10,h and Q10,m for fine root/leaf respiration are insignificant for annual Rs,

as shown in Table 4.4, where the changes in annual Rs are ≤ ±2.4% (i.e., ≤

20 g C m−2 yr−1).

A 35% increased Rh0,i produces a higher Rs by 9.9, 7.3, 3.0 and 1.8%

of the base simulation for stable SOC, surface litter, root litter and short-

lived SOC, respectively. A 35% decreased Rh0,i decreases the CO2 emissions

for these carbon pools by 12.6, 9.2, 3.9 and 4.0% of the base simulation,

respectively. Rs is more sensitive to –35% than +35% Rh0,i. Rs in the –35%

Rh0,i simulations is 30–50% greater than in the +35% Rh0,i simulations.

In particular, Rs produced from the short-lived SOC is the most sensitive

carbon pool to the –35% Rh0,i simulations than other carbon pools.

4.4 Discussion

4.4.1 Fundamental Performance of CN-CLASS for Deciduous Forests

Based on the validation and field measurements at BFRS, the carbon mode

of the CN-CLASS model with a C3 photosynthetic module (Arain et al.

2002) simulated the balance of water and energy reasonably well to provide

a fundamental set of parameters for this study. In particular, my NEP

simulation showed a close annual pattern, similar to eight-year carbon flux

measurements at the BFRS (Teklemariam et al. 2009), indicating 5 and –1 g
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C m−2 d−1 of NEP approximately for the growing and non-growing season,

respectively. My validation exercise suggests that the parameters can be

used with confidence in the examination of carbon respiration algorithms.

Overall, the annual carbon budget was estimated at +765, +182, –601, –782

and –584 g C m−2 yr−1 for GPP, NPP, NEP, Rh and Ra, respectively. The

total ecosystem CO2 emission is estimated at ∼1366 g C m−2 yr−1. Rm

and Rh contributed most of the respiratory losses for 37% and 57% of total

ecosystem CO2 emissions, respectively.

The annual Ra (∼76% of GPP) is comparable to 587–657 g C m−2 yr−1

(∼59% of GPP) for the 70-year-old aspen forests in Prince Albert National

Park, Saskatchewan, Canada (Wang et al. 2001). The annual Rg and Rm

are estimated at ∼74 g C m−2 yr−1 (∼10% of GPP) and ∼510 g C m−2 yr−1

(∼67% of GPP), which are similar to 117 g C m−2 yr−1 (∼11% of GPP)

and 506 g C m−2 yr−1 (∼48% of GPP) in Wang et al. (2001), respectively.

4.4.2 Simulations of Carbon Respiration

Autotrophic Respiration

This examination of autotrophic respiration focused on the dynamics of

plant growth and Rm and Rg for plant components, because carbon alloca-

tion is a crucial governing variable in the respiration algorithms, as seen in

Eq. 4.2. In my simulation, the NPP for leaf, wood, and roots are calculated

as 35–90, 6990 and 850 g C m−2, respectively. Those values are close to

other related studies (Maunoury et al. 2007; Ryan et al. 1995; Tang et al.
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2009; Wang et al. 2001). For example, Tang et al. (2009) estimated the to-

tal root biomass from measurements at 600–800 g C m−2 at a soil depth of

0–20 cm for a mature northern hardwood forest. Lavigne and Ryan (1997)

estimated that the sapwood volume of aspen, black spruce and jack pine

stems in central Canada is similar to my simulation at 5.96 × 10−3 m3 m−2.

In addition, the simulated LAI is similar to field measurements at this site

(Bartlett et al. 2009; Neumann and Denhartog 1989; Staebler et al. 2000), in

the range 3.6–3.9 from June to mid-September, depending on sampling time

and spatial heterogeneity. These findings suggest that the model provides

a reliable simulation of carbon allocation for computing component respira-

tion, because NPP dynamics play an important role to regulate autotrophic

respiration in CN-CLASS.

The model assumed that each plant component has an associated base

rate of respiration that strongly influenced the magnitude of respiration. For

both Rm and Rg, the rate of respiration was affected by the plant growth

condition (Lambers et al. 1983). Rm averaged at 4, 0.05 and 0.6 × 10−5 g C

m−2 d−1 during the growing season for leaf, wood, and roots, respectively,

while Rg averaged 0.5, 0.1–0.2 and 0.2 g C m−2 d−1, respectively. The

annual Rm (∼510 g C m−2 yr−1) is composed of 497, 13 and 0.001 g C m−2

yr−1 for leaf, wood, and roots, respectively. The annual Rg (∼74 g C m−2

yr−1) is composed of 17, 28 and 29 g C m−2 yr−1 for leaf, wood, and roots,

respectively. In a comparison with Wang et al. (2001) for temperate aspen

forests in central Canada, my simulation indicates that deciduous forests in
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eastern Canada might produce larger Rm,leaf by 392 g C m−2 yr−1, and less

Rm,wood/Rm,root by 229/158 g C m−2 yr−1, respectively.

The use of rather simple respiration algorithms is an advantage for pa-

rameterization, but they might not fully describe the detailed behaviour

of respiration, which is influenced by many biotic/abiotic factors. In this

study, the base rates of Rm for plant components was adopted from decidu-

ous oak forests (Maunoury et al. 2007) and temperate conifers (Ryan et al.

1995), as shown in Table 4.3. In addition to the base rate of respiration,

the metabolic response in the respiration algorithms is described by the Q10

functions. The Q10 values (= 2.0) was adopted from the original parameter

settings of Yuan et al. (2008) are also identical to assumptions made by both

Amthor (1984) and Ryan et al. (1995). Lechowicz et al. (1980) pointed out

that a higher temperature increases energy demands due to the stimulation

of protein turnover, and this produces a greater Rm. At the BFRS, which

is a northern temperate forest, Rm might increase due to a higher energy

demand in nutrient uptake at low temperatures (Chapin 1974).

Soil Respiration

The Rs algorithms in CN-CLASS were examined by comparing the soil

CO2 chamber measurements with simulations of CO2 produced from the

processes of decomposition and root respiration. In addition to a general

agreement with the field measurements at my site, estimating the simulated

annual Rs at ∼782 g C m−2 yr−1, my simulation is also similar to ∼690 g C
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m−2 yr−1 obtained from 73-year-old mature deciduous forests in Wisconsin

and Michigan, USA (Tang et al. 2009). These comparisons demonstrate

that the respiration algorithms in CN-CLASS are capable of simulating the

overall below-ground CO2 emissions from various carbon pools.

Dunn et al. (2007) pointed out that the soil CO2 emission responded

strongly to the accumulated soil carbon stock in a boreal forest in central

Manitoba, Canada. The annual soil carbon stock was controlled by the com-

plex behavior of carbon input from litterfall, root mortality, and exudates,

resulting in the accumulation of a large amount of soil carbon stock for de-

composition and a greater potential for CO2 emission (Harden et al. 1997).

In this study, the litter pool and soil organic matter contributed 310 and

472 g C m−2 yr−1 to the annual Rs, respectively. SOC, litterfall and root

respiration contributed 58%, 38% and 4% of Rs, respectively. In particular,

the short-lived and stable SOC produced similar amount of CO2 emission

in the process of SOC decomposition. The above-ground litter pool dom-

inated 63% of the CO2 emission that produced from the decomposition of

litter pools (above- and below-ground litter pools). The model suggests that

the carbon stock in SOC and litterfall played an important role (∼96% of

carbon losses) in producing Rs for deciduous forests. Sakata et al. (2007)

pointed out that the SOC (43%) and litterfall (27%) pools contributed 70%

of annual Rs and the other 30% of Rs was contributed by root respiration

in a 30-year-old deciduous forest in Japan. The underestimated root respi-

ration (4% of Rs) in CN-CLASS might cause this significant difference in
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partitioning the CO2 emission from each source.

At a daily scale (Fig. 4.7 (a)), simulated Rs remains at 1–2 g C m−2

d−1 for most days in May – September and under 1 g C m−2 d−1 in winter.

This result shows that a substantial amount of soil CO2 is released into the

atmosphere during the growing season (May – September). This soil CO2

emission is produced by the decomposition of SOC and litterfall pools that is

transformed from deciduous foliage/root biomass in the previous September.

In other words, the fresh litterfall is not depleted before soil freezing in the

model, so that Rs resumes to its high level with soil warming in the following

May.

The partitioning of Rs based on an emission source in the SOC decom-

position was described by the variability of the N:C ratios (Khomik et al.

2006), as listed in Table 4.2. A low Rh usually occurred in the SOC pools

with a low N:C ratio. Since the extractable water content for the litter-

fall pool in deciduous forest ecosystems is higher than in the needle forest

ecosystems, a higher nitrogen concentration and lower lignin influence the

process of mineralization and decomposition. Currently, the N:C ratios for

the carbon pools were adopted from conifer forests (Yuan et al. 2008), which

require further validation for deciduous forests.

I found that an accurate representation of soil texture, field capacity

and the initial values of carbon pools resulted in a better simulation of SOC

decomposition. Khomik et al. (2006) and Russell and Voroney (1998) also

noted that Rs was influenced significantly by the spatial and temporal vari-
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ability of soil carbon stocks. In addition, the initial value of soil carbon

stock significantly influences the level of Rs. The process of decomposition

must be discerned from the initial carbon stocks to accurately simulate car-

bon flow for deciduous mixedwood forests. Detailed, long-term litterfall and

SOC measurements provide information for future model development.

The Contribution of Root Respiration to Soil Respiration

The simulated root respiration is discussed in this section. The root NPP

and base rate of respiration are two variables governing root respiration

in CN-CLASS, as Eq. 4.2 showed. An accurate estimation of root NPP

and the dynamic respiration rate provide the carbon availability to yield a

corresponding accurate estimate of Rg and Rm.

In this study, the annual total NPP ranged from 120 to 1660 g C m−2,

whereas the calculated fraction allocated to roots, varied from 0.22 to 0.63.

My simulation estimates that the total root biomass is ∼850 g C m−2,

which is similar to the measured 600–800 g C m−2 at a soil depth of 0–

20 cm for mature deciduous hardwood forests near the Great Lakes (Tang

et al. 2009). This comparison indicates that the CN-CLASS model provided

similar estimations of root NPP for deciduous forests. However, there are a

limited number of studies that report the base rate of respiration for plant

components. Detailed carbon flux measurements in different plant organs

are required for further validation of the root respiration algorithm.

The maximum root respiration was estimated at ∼1.0 µmol CO2 m−2
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s−1 in an active period of root growth and < 0.5 µmol CO2 m−2 s−1 for

the relatively dormant period. This result is similar to Jiang et al. (2005)

for deciduous forests in northeastern China, indicating that root respiration

varies from 0.2 to 2.0 µmol CO2 m−2 s−1 in the old forests and from 0.3

to 4.0 µmol CO2 m−2 s−1 for the young forests over the seasons. The base

rate of Rm,root might be sensitive spatially and temporally. In this study,

the base rate of Rm for root respiration is parameterized at 1.5 µmol CO2

(kg C)−1 s−1.

In summary, the model suggests that root respiration accounts for ∼4%

(28.6 g C m−2 yr−1) of Rs, which is significantly smaller than Jiang et al.

(2005), who reported root respiration as 25% of Rs in a 31-year-old decid-

uous forest in northeastern China. Sakata et al. (2007) also reported that

root respiration contributed 30% of Rs in a 30-year-old deciduous forest in

Japan. However, the contribution of root respiration varied spatially and

temporally, ranging from 10 to 90% (Hanson et al. 2000). The detailed val-

idation of root respiration and base rate of respiration in CN-CLASS would

require measuring root respiration in the field.

4.4.3 Soil Climatic Effects on Soil Respiration

Soil Water Content

Although the effect of SWC has been parameterized in the Rh respiration

algorithm, there was no general form for a mathematical model to describe

the relationship between SWC and Rh (Davidson et al. 2000; Lloyd and
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Taylor 1994; Qi et al. 2002; Tang et al. 2009). On average, the model shows

that over a wide range of SWC, Rh decreases slightly with increasing SWC.

In my seasonal analysis (data not shown), my simulation showed that the

decreasing tendency of Rh depends on the increasing SWC. This result is

similar to Khomik et al. (2006) in a mixedwood boreal forest, indicating

that during the non-growing season, SWC and Rs are positively related, but

they are negatively related during the growing season.

Since the boreal region has a shorter growing season and a longer cold

season than the temperate region, a large proportion of Rs is produced at

a lower emission strength of ≤ 1 g C m−2 d−1. At the BFRS, the low Rs is

mainly caused by the lower ST, which is observed around 13◦C for the upper

soil layer. My simulated Rs is very low at the rate of 2 g C m−2 d−1 in May.

When near the SWC saturation (i.e., 0.27 m3 m−3) in the spring, the effect

of thawing and melting snow played an important role in the decomposi-

tion. When ST was low, an increase in SWC availability did not necessarily

promote metabolic activities; hence, there was no effect on the rhizosphere

and Rs. When the SWC is optimal to regulate the decomposition, the SOC

decomposition might be sensitive to ST, especially during the non-growing

season and dry summer period.

Soil Temperature

The relationship between Rh and ST is often modeled by a simple, expo-

nential function as presented in Eq. 4.2–Eq. 4.3. The responses of microbial
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and root respiration are each dependent on temperature, using exponential

relationships. In the CN-CLASS model, I expect that exponential relation-

ships with ST explain most of the seasonal variation in root respiration and

Rh. Therefore, ST accounts for a large fraction of seasonal variation in soil

CO2 efflux, which is the sum of root respiration and Rh.

The Q10,h was adopted from a soil CO2 chamber experiment (Bartlett

et al. 2009, 2010b,a) at the BFRS as listed in Table 4.3. The simulation and

observations agreed well with related studies for a 60-year-old Douglas-fir

forest in Vancouver Island, British Columbia, Canada (Drewitt et al. 2002)

and a 74-year-old boreal mixedwood forest in Ontario, Canada (Khomik

et al. 2006). However, the underlying problem with adopting Q10 values

derived from ST measurements at a single depth is that the choice of depth

is likely to influence the ST sensitivity of soil surface CO2 fluxes (Phillips

et al. 2011).

Although the model captured the general pattern of carbon respiration

at a daily time-step, I found that the diurnal range in half-hourly Rs was

overestimated, as seen in Fig. 4.9 (c). A similar overestimation in the diurnal

range of near-surface soil temperatures is believed to be the cause; this has

been reported in previous studies using the CLASS model (Arain et al. 2002;

Bartlett et al. 2000; Yuan et al. 2007; Zhang et al. 2005). Due to the lack of a

separate surface residue layer in the CLASS model, the boundary condition

of thermal transport could be buffered and the thermal balance altered. In

this study, the thickness of the two upper soil layers are parameterized to

149



10 and 30 cm. The relatively thick upper soil layers may limit the ability to

represent heat flows over fine depth scales. Thus, the modeling mechanism

of soil thermal transport and soil layer/litter structure may need further

investigation.

The simulated Rs error is caused by the strong diurnal amplitude of

simulated ST. These simulated ST errors are caused by the three-soil-layer

structure in the CN-CLASS model that is not able to reflect the actual ST

condition. My error analysis (Fig. 4.10) indicates that the ST errors vary up

to 6◦C; this large range of uncertainty contributes to the errors of Rs simula-

tion, particularly when ST is underestimated. An experiment was conducted

at BFRS to determine the relationship between the single-point chamber and

the spatially-averaged CO2 emission (Bartlett et al. 2009, 2010a,b). When

the continuous fixed-point Rs was corrected using the spatially-averaged re-

sults, better agreement in the simulation was found particularly when ST

was overestimated in the simulation.

4.4.4 Sensitivity of Respiration to Q10 and Respiration Rate

Based on the sensitivity analysis, I found that the Rs is sensitive to a base

rate of respiration in the process of decomposition rather than to the Q10

temperature response. When ±35% of Q10,m or Q10,h were applied to the

simulations, the changes of accumulated Rs in the base simulation are in

the range of ≤ ±2.4% (i.e., ≤ 20 g C m−2 yr−1). However, ±35% of Rh0,i

influences Rs in the base simulation up to 13% (i.e., 91 g C m−2 yr−1).
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Whereas Rh0,i could be more consistent at a range of sites than the Q10

values, the spatial uncertainty of the Q10 values could be greater than Rh0,i.

The order of relative Rs changes, from largest to smallest, were stable

SOC, surface litter, root litter and short-lived SOC. This order was asso-

ciated with the size of the carbon pool. In addition to Rh0,i, I found that

the level of Rs is associated with the initial carbon pool size. For example,

the initial size of the carbon pool for stable SOC was estimated as 4.5 kg C

m−2 compared with 0.2 kg C m−2 for both short-lived SOC and root litter

pools. Furthermore, the seasonal dynamics of carbon inflow also regulated

the sensitivity of Rs to Rh0,i. Since the major period of carbon inflow for

surface and root litter was after June, this annually accumulated litter pool

size increases the sensitivity of Rs to Rh0,i. SOC pools with longer turnover

may cause the effective response of Rs to Rh0,i over a longer period.

4.5 Summary

The temperate deciduous forest is an ecosystem sensitive to future climate

change and thus plays a crucial role in the global carbon cycle due to the

size of its soil CO2 emissions. This study is the first modeling work to

examine the CN-CLASS carbon respiration algorithms for temperate decid-

uous mixedwood forests at the Borden Forest Research Station (BFRS) in

Southern Ontario, Canada, in 2009. This comprehensive examination in

the carbon subroutine in CN-CLASS contributes to annual soil respiration

partitioning and future model validation on base respiration rates.
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With the model set up to represent a mature deciduous forest, the valida-

tion indicated that the model was able to simulate daily changes and annual

patterns of water, energy and carbon exchange in comparison with field mea-

surements. In my examination of respiration algorithms in the CN-CLASS

model, I looked at the components of autotrophic respiration from roots,

growth and maintenance respiration, heterotrophic respiration from various

carbon pools, and the total annual CO2 contribution into the atmosphere.

The major findings and perspectives of this study are as follows:

• The model showed a seasonal pattern of carbon allocation for vegeta-

tion components that govern the carbon respiration algorithms. The

daily Rm was 4.0, 0.05 and 0.6 × 10−5 g C m−2 d−1 for leaf, wood, and

roots in the growing season, respectively. Rg was parameterized as a

proportion of vegetation growth, which results in 0.1–0.4 g C m−2 d−1

being emitted into atmosphere. The annual ecosystem CO2 emission

was estimated at 1366 g C m−2 yr−1, of which 57%, 37% and 6% were

contributed by Rh, Rm and Rg, respectively.

• The annual Rs was estimated at 782 g C m−2 yr−1, and was dom-

inated by emissions from soil organic matter of about ∼60%. This

value is close to my soil CO2 chamber measurements obtained during

the growing season, but the underestimated Rs is likely to be caused

by low simulated Rs and Ra,root during the growing season. An im-

provement can be achieved by giving a higher base rate of respiration.

Alternatively, the fixed chamber may have overestimated the soil CO2
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flux relative to the average of the survey chambers. The fixed location

may not have been representative.

• Although increased SWC causes a decreased tendency in Rs at the

beginning of the growing season, a general mathematical form has not

yet been applied to describe the relationship between SWC and Rs

throughout a year. The seasonal variation of SWC effects on Rs and

detailed soil texture profile might need to be taken into account for a

better Rs estimation. Adequate prediction of the metabolic response in

the form of Q10 exponential functions for the process of decomposition

appears to be accomplished by ST. Based on my sensitivity analysis,

the Q10 value had a more significant influence on coarse root/stem

rather than fine root/leaf and SOC pools. In addition, for given carbon

pool sizes and phenology, the specific base rates of respiration greatly

regulated the Rs dynamics and component respiration. However, it

is better to understand how the base respiration rates are determined

spatially and temporally.
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Chapter 5: Conclusions

This thesis has presented several new modeling developments in carbon cycle

simulation. The thesis is based on two process-based models applied to the

University of Guelph Elora Research Station and the Environment Canada

Borden Forest Research Station. Chapter 2 reports the carbon dynamics

in conventional and no-till agriculture using the DayCENT model, Chapter

3 describes the model improvement of CN-CLASS for agriculture, while

Chapter 4 discusses the examination of soil respiration algorithms of CN-

CLASS for temperate deciduous forests. The brief history of each model

and verified parameters are presented in these three chapters, making this

thesis a useful reference for adopting DayCENT and CN-CLASS for both

agriculture and deciduous forests.

In Chapter 2 the effect of tillage, soil climate and crop phenology on

carbon dynamics are presented by using the validated DayCENT model.

The model is sufficiently reliable to simulate daily changes of net primary

production, heterotrophic respiration and net ecosystem change at an agri-

cultural scale with a 5000-year equilibrium simulation. The evaluation of

the agricultural management practice was carried out based on parameters
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of cultivation – conventional tillage, no-till, and bare soil practices.

My investigation suggests that no-till soil management results in the

largest reduction in heterotrophic respiration during the spring thaw pe-

riod, while increased temperature and rainfall events occurring in relatively

dry soils will result in a significant increase in heterotrophic respiration.

Conventional tillage enhances the annual heterotrophic respiration totals

relative to no-till by 38.4, 93.7 and 64.2 g C m−2 yr−1 for corn, soybean and

winter wheat, respectively.

The net carbon exchange varied with climate, plant species and tim-

ing/length of the growing season. However, there was no significant dif-

ference in average annual net carbon exchange totals during corn years.

The average annual net ecosystem exchange difference between conventional

tillage and no-till (i.e., conventional tillage minus no-till) was 18, –58.1 and

–40.0 g C m−2 yr−1 for corn, soybean and winter wheat, respectively.

Simulations with the DayCENT model indicate that the annual variation

of the total soil organic carbon pool was greater in conventional tillage than

no-till due to tillage effects on carbon transfer from the active surface soil

organic carbon pool to the active soil organic carbon pool at a rate of 50–100

g C m−2 yr−1. The no-till practiced during the study period accounts for

a 10.7 g C m−2 yr−1 increase in slow soil organic carbon pool at a site in

Elora, Ontario, Canada.

Chapter 3 describes the model improvement of CN-CLASS for agricul-

ture. This work is extended from the biomass measurements and simulations
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accomplished in Chapter 2. The model is improved by incorporating a crop

phenological module and agricultural scheme within the CN-CLASS model.

The results indicate the modification enabled CN-CLASS to obtain a bet-

ter simulation in crop growth. This new modification contributed a 53%

improvement on the annual net ecosystem exchange simulation. The esti-

mated carbon source is 5.2 g C m−2 and 50.3 g C m−2 from the effect of

post-harvest and thaw, respectively.

The total carbon sink during the growing season (i.e., June to Septem-

ber) is estimated as 477.5 g C m−2, which is very close to 436.7 g C m−2

of the observed eddy covariance carbon flux. The carbon sink/source is

strongly regulated by the light extinction coefficient and leaf growth rate in

the function of leaf growth index. For crop simulation, the improvement of

modeled net ecosystem production is achieved by adjusting 20–30% of the

light extinction coefficient or 30–35% of the leaf growth rate. The condition

of leaf growth is responsible for the carbon uptake and for further influence

on the annual carbon exchange.

Chapter 4 adopts the respiration algorithms in the CN-CLASS model

to examine various components of ecosystem respiration in temperate de-

ciduous forests.The modeling exercise is carried out based on a set of pre-

validated site-specific parameters for a study site of temperate deciduous

mixedwood forests in Ontario, Canada in 2009. The vegetation growth, car-

bon reservoir and respiration rate and Q10 value are parameterized based

on field measurements and related studies. The dynamics of plant growth,
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component respiration and the effects of climatic factors on soil respiration

are also quantified in order to evaluate the ecosystem carbon budget.

The results show that the respiration algorithms provide a seasonal dy-

namics of component respirations. In summary, the total annual ecosystem

CO2 respiration is estimated at ∼1366 g C m−2 yr−1and is consisted of

heterotrophic respiration (57%), maintenance respiration (37%) and growth

respiration (6%). The annual accumulated soil respiration is estimated at

∼782 g C m−2 yr−1, which is dominated by CO2 emission from soil organic

matter (60%).

This thesis provides a comprehensive modeling approach to describe car-

bon dynamics in agriculture and temperate deciduous forests. These mod-

eling mechanisms and parameters are validated for future applications. The

crop phenological module allows us to conduct further agricultural studies

concerning management practices and environmental change. Once coupled

to climate models, the analysis of the feedback between crop growth and

the climate system becomes useful for further application for researches into

climate change. To be fully operational, this module first needs to be cali-

brated and validated for a wide range of environmental conditions and crop

types. For forests, my validation provides the confidence to use the model

outputs for computing terrestrial CO2 transport and global carbon budget.

The component respiration is sensitive to base rate of respiration; the CO2

chambers for plant components and for soils at high temporal and spatial

resolution are needed for future model validation.
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