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ABSTRACT 

The production and emission of carbon dioxide (CO2) from soils, referred to as soil 

respiration (Rs), has a significant influence on the global carbon balance. Carbon is 

acquired by vegetation from the atmosphere through photosynthesis and stored on the 

surface and in soils as organic matter. This stored organic matter is returned to the 

atmosphere as CO2 through belowground decomposition of organic matter by microbial 

communities (heterotrophic respiration) and metabolic activity of roots and mycorrhizae 

(autotrophic respiration). In this study, we explore temporal and spatial dynamics of Rs in 

a temperate deciduous forest located in Southern Ontario and how it is influenced by 

climatic controls over a two year period (2014/2015). The research site is a 90-year-old 

managed deciduous hardwood forest (Carolinian species) and part of the Turkey Point 

Flux Station and global Fluxnet network.  

An automated soil CO2 efflux system (LI-8100A) was utilized for continuous monitoring 

of Rs since July 2014 at our site. To better capture the spatial variability of Rs, a portable 

soil CO2 efflux system (LI-6400) was also used along two 50-m transects. Comparing the 

two chamber systems, they both measured within one standard deviation of each other 

indicating that the long-term automatic chamber site is able to account for the spatial 

variability of the surrounding area. The coefficient of variation among automated 

chambers ranged from 15 to 85%.  

The range of Rs measured during the two study years was 0.72 to 22.74 µmol CO2 m
-2

s
-1

. 

Rs showed a strong soil temperature-driven seasonal trend, though soil moisture 

accounted for approximately 35% of the variability in Rs. Rainfall events were found to 

cause pulse response in Rs during and following the precipitation event, causing an 88% 

increase in Rs. Estimations of total CO2 emissions at the site were modeled using four 

different techniques, and showed that Rs can account for approximately 84% of total 

ecosystem respiration. The average annual temperature sensitivity (Q10 value) of the 

study site was found to be 2.34. The annual Q10 model was improved by the incorporation 

of temporal variability of Rs (by estimating the Q10 model on a monthly basis) and also 

through the addition of a logistic soil moisture function. This study will allow us to have 

a better understanding of the dynamics of Rs and how it responds to its main controlling 

variables, soil moisture and temperature. It will also help us to determine the impact of 

climate change and extreme weather events on Rs in temperate deciduous forests and 

help in developing vegetation ecosystem models.  
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1. INTRODUCTION 

1.1 Importance of forest ecosystems and the terrestrial carbon cycle 

Forests account for 3.7 billion hectares of the planet’s surface area, which is 

approximately 30% of the global land area (Schimel, 2014). They provide vital services 

at both global and regional scales; including the regulation of climate, hydrological 

cycles, air and water quality, and biogeochemical cycles (Apps & Price, 2013; 

Matsumono et al., 2008).  In addition to these ecosystem services, they are a significant 

economic resource as they support various industries related to lumber, pulp, and 

construction. Forests are also a major carbon pool, both above and below ground.  

Carbon is the fundamental building block of all life on Earth, and an important 

component of many of Earth’s physical processes.  Terrestrial ecosystems play a central 

role in the global carbon cycle, with forests dominating the carbon exchange (Schimel, 

2014). The major carbon influx occurs through the assimilation of atmospheric carbon 

dioxide (CO2) from the atmosphere during photosynthesis by vegetation for the 

production of energy, which is stored within the carbon-carbon bonds of organic 

molecules. Some of these molecules are used as a source of energy through respiration, 

returning the carbon to the atmosphere as gaseous CO2. The remaining carbon is 

temporarily stored within the vegetation biomass, and eventually enters the soil via litter 

fall from the aboveground biomass or as a result of relocation of biomass belowground 

for the construction and maintenance of roots (Brady & Weil, 2008; Lorenz & La, 2010). 

Forests are considered a natural climate regulator due to their ability to act as a major 

carbon reservoir (Apps & Price, 2013). 
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Without human interference the terrestrial carbon cycle is balanced, as evidenced by 

relatively small variations within the oscillations of historic CO2 concentrations (Petit et 

al., 1999; IPCC 2014). Since the Industrial Era, anthropogenic greenhouse gas emissions, 

particularly the burning of fossil fuels, is the primary cause of the observed 

unprecedented levels of atmospheric CO2 concentrations (IPCC 2014). Changes in land 

use is the second largest source of anthropogenic CO2 emissions, as deforestation has 

removed approximately half of the world’s forests in response to increasing demand for 

timber and land for agriculture (Schimel, 2014). Upon conversion of forested land to 

agricultural land, 30% of stored forest soil carbon is released as CO2 (Don et al., 2011). 

Such conversions have led to 150-200 Pg of carbon lost to the atmosphere during the last 

two centuries (Don et al. 2013). This represents 20% of the total historical anthropogenic 

carbon emissions (Schimel, 2014).  

In order to mitigate elevating CO2 concentration, afforestation and other forest plantation 

and management strategies have been proposed as a potential means of carbon 

sequestration (Gonzalex-Beneck et al., 2010).  Terrestrial ecosystems hold a significant 

amount of carbon – approximately 500 Pg in aboveground vegetation biomass and 2000 

Pg within the soil (Don et al., 2013; Janzen, 2004). The ability of trees to absorb and 

store carbon over their long lifespan could enable them to be a valuable commodity in 

offsetting anthropogenic greenhouse gas emissions. Gross primary productivity (GPP) 

drives the sequestration of carbon in terrestrial ecosystems and subsequent production of 

biomass, producing biomass at a rate of approximately 90-100 Pg C annually on a global 

scale (Liao & Zhuang, 2015; IPCC 2014). Mitigation techniques would aim to increase 
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global GPP and storage of carbon in biomass with long turnover times, such as wood or 

stable soil carbon pools (IPCC 2014).  Consequently, great interest has emerged in 

understanding the role of terrestrial ecosystems, particularly forests, in the global carbon 

cycle and their potential in reducing the elevated atmospheric CO2 concentrations.  

 

1.2 Soil respiration  

1.2.1 Soil respiration 

Soils contain almost twice as much carbon as the vegetation and the atmosphere 

combined (Groenigen et al., 2015), illustrating the importance of belowground carbon 

storage. Some studies have indicated that carbon acquired through photosynthesis is 

respired back to the atmosphere
 
as gaseous CO2 at an estimated global rate of 50-75 Pg of 

carbon per year
 
(Lu et al. 2013). To put this into perspective, the soil carbon flux is 

approximately eleven times greater than the contribution of CO2 to the atmosphere via 

fossil fuel combustion (Lu et al. 2013).  

Soil carbon is returned to the atmosphere through the process of soil respiration (Rs) 

which refers to the total soil CO2 efflux at the soil surface, expressed as µmol CO2 m
-2

s
-1

. 

Soil respiration is comprised of belowground decomposition of organic matter as an 

energy source for microbial communities (heterotrophic respiration, RH) and metabolic 

activity for maintenance and growth of plant roots (autotrophic respiration, RA) (Savage 

et al., 2013) (Figure 1). Quantifying Rs can indicate various physiological processes, as 

well as the ability of soil to support life including plants, animals, and microorganisms 
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(Lu et al., 2013). Rs can describe the level of microbial activity, soil organic matter 

(SOM) content, and overall ecosystem metabolism (Ryan & Law 2005). Changes in Rs 

rates can also indicate external processes, such as disturbances (for example, cultivation) 

which typically increases Rs (Schlesinger & Andrews, 2000). 

Studies have indicated that both RA and RH show similar seasonality, though RA increases 

slightly later in the growing season than RH (Hogberg et al., 2001). The relative 

contributions of RA and RH reported in literature vary greatly, from 10% to 90%, 

depending on the type of ecosystem, the time of the year, and the measurement technique 

(Hanson et al., 2000). Contributions of RH to Rs have been reported as 66-82% of Rs in a 

26-year old longleaf pine forest in western Georgia (ArchMiller & Samuelson, 2016), 52-

56% in a boreal Scots pine forest in northern Sweden (Hogberg et al., 2001), and 50% in 

a northern temperate deciduous forest in the Hudson Highlands, USA (Levy-Varon et al., 

2012).  

1.2.2 Heterotrophic respiration 

Heterotrophic respiration (RH) involves the breakdown of organic molecules for energy 

by soil microorganisms. Plant-derived litter fall is the principal material that undergoes 

decomposition by heterotrophs, and can be classified into six groups with different rates 

of decomposition shown in Table 1. The decomposition process involves the oxidation of 

SOM to produce carbon dioxide, water, and energy (Equation 1), where energy is 

equivalent to 478 kJmol
-1

 C: 

OM + 2 O2 
𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
→        CO2(g) + H2O + Energy      (1) 
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There are two categories of microbial decomposers involved in RH: k-strategists and r-

strategists (Brady & Weil, 2008; Thangarajan et al., 2013), and their activity throughout 

the growing season is dependent on the quantity and composition of the SOM (Figure 2). 

At the beginning of the growing season, little to no decomposable materials are being 

added to the soil via litter fall, resulting in low RH rates. Microorganisms called k-

strategists dominate RH under these conditions, as they have developed enzymes with 

high affinity constants for resistant, stable organic substrates that take longer to 

decompose like cellulose and lignin. As the growing season continues and litter fall 

increases, more easily-decomposable plant materials such as sugars and proteins become 

available in the soil, resulting in an overall increase in microbial activity. The slower-

acting k-strategists are out-competed by a group of organisms called r-strategists, which 

are classified by their rapid rates of growth and reproduction, resulting in a rapid increase 

in microbial biomass and CO2 production (Fontaine et al., 2003; Brady & Weil, 2008). 

Towards the end of the growing season, the easily-decomposed compounds are depleted 

and r-strategist populations die or become dormant while k-strategists continue to survive 

(Fontaine et al., 2003; Theenhaus & Scheu, 1996).  

1.2.3 Autotrophic respiration 

Autotrophic respiration (RA) can be further broken down into that performed by roots and 

that by their associated mycorrhizae, which are fungi in a mutually beneficial association 

with plant roots (Figure 1). The fungal hyphae can grow 5 to 15 cm farther than the plant 

root, allowing the plant to increase its absorption surface area and subsequently increase 
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its root system efficiency. This symbiotic relationship eliminates the need for 

mycorrhizae to compete with other soil heterotrophs for food sources, instead obtaining 

sugars directly from the plant’s root cells (Brady & Weil, 2008). This relationship is 

particularly beneficial during drought conditions as large mycorrhizal communities 

facilitate increased capacity to take up water and nutrients, thus increasing drought 

survival rates of plants
 
(Van der Molen et al., 2011).  

Though mycorrhizae fungi are technically heterotrophic root-associated soil 

microorganisms, during Rs studies they are generally considered part of RA due to the 

methodological difficulty associated with differentiating between RA and RH during 

measurement (Tomè et al., 2016).  

1.3 Controlling factors on soil respiration 

Rs is affected in a complex way by a number of factors. Soil temperature, soil water 

content and substrate supply are considered to be the most influential controls (Suseela et 

al., 2012), particularly in temperate ecosystems
 
(Ryan & Law, 2005). RA and RH are 

thought to respond differently to these controlling factors (Ma et al., 2014, Wei et al., 

2010).  

1.3.1 Soil organic matter content 

Soil respiration rates vary with different plant biomes, indicating that vegetation type has 

the ability to influence soil respiration because of the fact that vegetation directly 

determines soil microclimate and structure, as well as the quantity and quality of 
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substrate supply (Raich & Tufekcioglu, 2000; Mitra et al., 2014). SOM provides “food” 

or substrate for heterotrophic soil microbes and typically, assuming no other controls are 

limiting, adding SOM increases decomposition (RH) and consequentially the overall Rs. 

Studies have shown that Rs increases nearly proportionally with the amount of readily 

degradable SOM
 
(Raich & Tufekcioglu, 2000), with the exception of colder climates 

(such as boreal forests) due to colder temperatures which inhibit decomposition and result 

in accumulation of large amounts of SOM in soils (Schlesinger & Andrews, 2000). 

1.3.2 Temperature 

It is well known that temperature is a significant control on soil respiration, particularly 

on heterotrophic respiration (Suseela et al., 2012). Rs increases exponentially as a 

function of temperature (Jia et al., 2013), and is often modeled by a simple exponential 

function (Lloyd & Taylor, 1994; Khomik et al., 2006) (Equation 2): 

Rs = ae
bTs

 (2) 

where Rs is the soil respiration (in µmolm
-2

s
-1

), Ts is soil temperature (in ºC), and a and b 

are empirically derived coefficients. The sensitivity of Rs to Ts is typically expressed as 

the temperature coefficient (Q10 value) which is the factor by which respiration rate is 

changed by a temperature rise of 10°C. The Q10 model utilizes a modified version of the 

Van’t Hoff equation (Van’t Hoff, 1884) (Equation 3): 

Ri = R10 Q10 
(Ti – 10)/10

      (3) 
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where Ri is the soil respiration measured at soil temperature Ti, and R10 (the basal Rs rate 

at 10ºC) and Q10 are parameters to be estimated. Q10 values reported in literature range 

from 1.3 to 8, varying both spatially and temporally
 
(Jia et al., 2013; Jacinthe & Lal, 

2006). A general rule of thumb is that the typical Q10 for respiration in temperate forests 

is around two
 
(Khomik et al., 2006; Davidson & Janssens, 2006; Noh et al., 2015), which 

means that the reaction rate will double for every 10° rise in temperature. Studies have 

indicated that the temperature sensitivity of soil respiration is inversely proportionate to 

temperature (Jacinthe & Lal, 2006). That is, at low temperatures soil respiration is very 

sensitive to temperature changes but this sensitivity decreases at high temperatures. The 

temperature sensitivity is often confounded by other additional drivers, such as soil 

moisture, microbial dynamics, photosynthetic processes and root activity (Jia et al., 2013; 

Wang et al., 2014; Han et al., 2014) 

1.3.3 Soil moisture content 

Soil moisture content (SM) is also a controlling factor on Rs due to its capacity to alter 

soil oxygen concentrations, which both RH and RA are sensitive to. An excess of water in 

soils will fill the soil pores and, in the absence of proper drainage, prevent the diffusion 

of oxygen into the soil from the atmosphere as the diffusion of gases is approximately 

1,000 times slower in water than in air. This inhibits both aerobic root respiration and 

microbial decomposition (Brady & Weil, 2008). Low water content causes desiccation 

stress for autotrophic respiration and limitation of substrate diffusion for heterotrophic 
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respiration
 
(Van der Molen et al., 2011; Davidson & Janssens, 2006). Studies have shown 

that optimal conditions for Rs occur at intermediate water content
 
(Davidson et al., 1998). 

High soil moisture can also alter the movement of CO2 from its production sources in the 

soil to the atmosphere. An increased water content in pores acts as a barrier for diffusion 

as it greatly restricts the movement of gases in soils (Pumpanen et al., 2008). High SM 

can also trigger an increase in Rs in the short term, for example after rain events pulse 

responses of Rs have been observed (Yan et al., 2014; Gaumont-Guay et al., 2006). 

1.4 Measurement techniques  

Some of the earliest analyses of Rs were made nearly 90 years ago (Gainey, 1919). 

Original methods of measurements involved soil respiration chambers consisting of 

collars driven into the soil and covered with an enclosed chamber (called a ‘respiration 

bell’), which measured increasing CO2 concentrations using recordings of the absorption 

of CO2 by a mixture of KOH and Ba(OH)2 (Kutsch et al., 2010). Since then, 

methodology associated with Rs measurements have made significant advancements in 

chamber-based and partitioning methods.  

Chamber-based methods are widely used in current soil respiration research (Khomik et 

al., 2006; Jia et al., 2013; Görres et al., 2015). There are two types of chamber methods 

to calculate soil CO2 fluxes; (1) an open, steady state mode, where the difference in CO2 

concentrations is measured between the air flowing at a known rate through the inlet and 

outlet, or (2) a closed, non-steady state mode, where the chamber seals a known volume 



MSc Thesis – K. Daly; McMaster University – Earth and Environmental Sciences

   

   

10 

 

of air and the flux is calculated from the rate of increase of CO2 over time (measured as 

the slope, through the use of infrared gas analyzers) (Ryan & Law, 2005; Kutsch, 2010).  

There are three main problems associated with chamber-based soil respiration 

measurements: (1) altered soil climate and diffusion gradients, (2) disturbance to the soil 

structure, and (3) spatial variation concerns (Janssens et al., 2000; Davidson et al., 2002; 

Nagy et al., 2011). These errors can be avoided or minimized by implementing proper 

chamber designs that minimize disturbances to the soil profile and diffusion gradients 

(Görres et al., 2015), and spatial and temporal sampling regimes (Pavelka et al., 2007).  

Field measurements of Rs are typically recorded as a combination of both RA and RH, 

since separating these two sources is challenging. One such partitioning method that has 

been successfully employed is root exclusion through trenching, where trenches are dug 

to sever existing roots to cut off the supply of photosynthates for RA, theoretically 

allowing for the direct measurement of strictly RH (Hanson et al., 2000; ArchMiller & 

Samuelson, 2016). Another common method is tree-girdling which involves stripping the 

stem bark of a tree in order to cut off its supply of photosynthates through the phloem to 

roots and mycorrhizae while still allowing water transport in the reverse direction through 

the xylem
 
(Hogberg et al., 2001; Levy-Varin et al., 2012; Jing et al., 2015). Isotopic 

analysis the 
13

C content of Rs to determine the age of carbon fixation can be used to 

partition the heterotrophic and autotrophic components, since RH is fueled by soil carbon 

fixed months to years ago while RA is fueled by carbon fixed hours or days ago through 

photosynthesis (Hogberg et al., 2008; Clemmensen et al., 2013; Snell et al., 2014). 
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During Rs measurements, respiration by heterotrophic root-associated microorganisms 

(such as mycorrhizae) is generally considered to be part of RA due to the methodological 

difficulty associated with differentiating between them. Because of this, partitioning 

approaches such as tree girdling and trenching would potentially lead to an 

overestimation of RA and an underestimation of RH (Tomè et al., 2016; Kuzyakov & 

Larionova, 2005). Even isotopic methods would not be able to distinguish between root 

and mycorrhizae respiration, as mycorrhizae receive a constant supply of photosynthates 

from roots (Van der Molen et al., 2011) so the 
13

C signal from the heterotrophic fungi 

would indicate recent carbon fixation. Recent studies have shown success at addressing 

this problem using a modification of the trenching method, utilizing a mesh membrane to 

prevent roots from growing into a root-excluded plot while still allowing mycorrhizae to 

penetrate (Tomè et al., 2016; Moyano et al., 2008).  

1.5 Significance of study 

One of the main factors that make soil respiration a high interest topic is its sensitive 

relationship with future climate change. The current IPCC (2014) report estimates that 

global mean surface temperatures will rise by 3.7°-4.8°C in 2100 compared to pre-

industrial levels with a range of 2.5°-7.8°C if efforts to reduce greenhouse gas emissions 

are not taken beyond what is in place today. Studies suggest that soil respiration will 

change with climate (Luo et al., 2001; IPCC 2014), although the direction and extent of 

which this will occur is currently unclear. Predicted scenarios are difficult to confirm 
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observationally due to the high spatial variability and difficulty measuring soil respiration 

on large scales (Bond-Lamberty et al., 2010).  

The soil carbon reservoir is susceptible to increased rates of decomposition as 

temperatures increase (Savage et al., 2013; Tucker et al., 2012), potentially increasing the 

average soil CO2 flux to the atmosphere
 
(Frey et al., 2012). A global temperature increase 

by 2°C is predicted to increase additional carbon release from soil by more than 10 Pg of 

carbon per year, increasing Rs carbon contributions by approximately 15-20%  (Savage 

et al., 2012), which could in turn create a positive feedback cycle. Taking into account a 

coupled climate-carbon cycle model the mean surface temperature is predicted to rise by 

8.0°C by the year 2100
 
(Luo et al., 2001), significantly higher than the current baseline 

IPCC estimate, illustrating the vast potential soils have to impact our climate. 

Future climate change scenarios also involve an increase in extreme weather events, 

including more frequent precipitation (PPT) events (IPCC, 2014). It has been widely 

reported that soil respiration can increase significantly following a rainfall event (Lee et 

al., 2004; Yan et al., 2014). A better understanding of how a changing PPT regime could 

affect the rain pulse effect is important for predicting future Rs feedbacks to climate 

change.  

Global Rs is typically modeled as a simple function of Ts, the Q10 function. However the 

response of Rs to Ts is confounded by multiple factors (Khomik et al., 2006; Jia et al., 

2013). To improve the ability to model and predict future Rs, there is the need for a better 

understanding of how temporal, spatial, and environmental variations affect Rs. This 
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understanding of Rs processes and the effect of its primary controls on its production, 

both spatially and temporally, is critical to evaluate the potential response of Rs to future 

climate change.  

1.6 Research objectives 

The objective of this study is to characterize the dynamics of Rs in a managed temperate 

deciduous forest located in Southern Ontario, Canada. This study is unique in that it 

utilizes both automated and manual soil CO2 flux measurement systems. The automated 

chambers provide a temporally dense set, enabling a comprehensive visualization of daily 

and seasonal variations of Rs. This allows for more accurate and reliable empirical 

modeling and understanding of the effects of Ts and SM on Rs (Khomik et al., 2010; 

Koskinen et al., 2014), while manual chamber measurements provide a method of 

evaluating the spatial representativeness of the automated measurements (Savage & 

Davidson, 2003).  

The specific objectives of this study are to (1) gain a better understanding of the spatial 

and temporal dynamics of Rs, (2) determine how Rs responds to its main controlling 

variables (i.e. soil temperature and soil moisture) and (3) help determine the impact of 

extreme weather events on Rs. 
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2. MATERIALS AND METHODS 

2.1 Site description 

This study was conducted in a 90-year old managed deciduous (Carolinian species) forest 

northwest of Long Point Provincial Park in Southern Ontario, Canada (42.64ºN, 

80.56ºW). The forest is naturally regenerated on sandy terrain and abandoned agricultural 

land, and has been managed (thinned) in the past. The predominant tree species include: 

white oak (Quercus alba), sugar and red maple (Acer saccharu, A. rubrum), American 

beech (Facus grandifolia), black and red oak (Q. veluntina, Q. rubra) and white ash 

(Fraxinus americana). Average tree height is 25.7 m, with a stand density of 504 ± 18 

trees per hectare. Average tree diameter at breast height is 22.3 cm. The leaf area index 

(LAI) of the site was measured by a plant canopy analyzer (model LAI2000, LI-COR, 

Lincoln, Nebraska, USA) and TRAC (Tracing Radiation and Architecture of Canopy, 

developed by Dr. Jing M. Chen’s group at the University of Toronto) as 8.0 m
2
 m

-2
. This 

site is part of the Turkey Point Flux Station (TPFS), and associated with Ameriflux and 

global Fluxnet Networks.  

The topography is undulating, with well-drained, sandy soil (Brunisolic Gray Brown 

Luvisol) with low to moderate water holding capacity. The soil organic layer depth 

typically ranged from 2 to 6 cm. In September of 2014, soil cores and litter samples were 

taken and sent for nutrient analysis (A & L Canada Laboratories, Inc., London, Ontario). 

The samples were analyzed for total organic matter content, carbon, nitrogen, 

phosphorous, potassium, magnesium, calcium, and other additional soil characteristics. 

The soil nutrient content is outlined in Table 2. 30-year climate normals, based on 1981-
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2010 Environment Canada weather data collected at Delhi, Ontario CDA weather station, 

indicate a mean annual air temperature (Ta) of 8.0ºC and mean annual precipitation 

(PPT) of 1036 mm  (906.4 mm of which falls as rain and 129.5 cm as snow).  

2.2 Soil respiration measurements 

Continuous Rs was recorded using an automated soil CO2 flux measurement system, 

taking half hourly measurements from July 2014 to November 2015 (excluding winter 

months). It was comprised of three main components: the gas analyzer (hosted in an 

analyzer control unit) (LI-8100A), long-term measurement chambers (LI8100-104), and a 

multiplexer to allow for multiple chamber measurements (LI-8150) (LI-COR Lincoln, 

Nebraska, USA). Two measurement chambers were employed from July to December 

2014, and increased to five from April to November 2015. Each chamber extended 

approximately 15 m from the central analyzer control unit and multiplexer, measuring 

half-hourly Rs in sequence. Chambers were equipped with a soil temperature (Ts) and 

soil moisture (SM) probe at 5 cm depth installed outside of the collar.  

The soil collars used are comprised of thick-walled PVC pipe with an internal diameter of 

approximately 20 cm, a height of 11.5 cm, and a thickness of 1 cm. Each collar was 

inserted approximately 7-8 cm into the soil surface, with 3 cm remaining above.  The 

measurement chamber was placed directly on the soil collar, remaining open when not 

taking active measurements. Throughout the growing season, any vegetation growth was 

removed from inside the collars to eliminate potential photosynthesis effects.  
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Manual measurements of Rs were measured on a bi-weekly to monthly basis using a LI-

COR LI-6400 portable photosynthesis system with a LI-6400-09 soil chamber attachment 

(LI-COR Lincoln, Nebraska, USA). Measurements were taken along two 50 m transects, 

each containing 10 permanent sampling locations. Soil collars were made of PVC pipe, 

with an internal diameter of approximately 10 cm and height of 7.5 cm. Each collar was 

inserted into the soil to approximately 5 cm depth. At each sampling point, three replicate 

Rs measurements were recorded along with Ts and SM. Both automatic and manual soil 

CO2 chambers systems used in this study are infrared gas analyzer (IRGA)-based 

systems, operating as a closed, non-steady state system. 

 

2.3 Eddy Covariance Flux and Meteorological measurements 

Ecosystem CO2 fluxes (ecosystem respiration, RE) were measured using closed-path 

eddy covariance system, comprising of a sonic anemometer (CSAT3, Campbell Scientific 

Inc. (CSI), Edmonton, AL, Canada) and infrared gas analyzer (LI-7200, LI-COR Inc., 

Lincoln, NE, USA) as well as meteorological measurements using an automatic weather 

station (CSI).  Flux and meteorological instruments were installed above the canopy at 

about 36 m height on top of a walk-up scaffolding tower. A mid-canopy infrared gas 

analyzer, IRGA (model LI-820, LI-COR) was used to measures mid-canopy CO2 

concentration at 16 m above ground, which was used to estimate CO2 storage within the 

forest air column. Ts and SM were measured year-round at two locations at multiple 

depths (2, 5, 10, 20, 50, 100 cm) alongside the eddy covariance flux near the tower and 

soil CO2 chambers locations.  Eddy covariance flux measurements were made at 20 Hz 
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and saved as half hourly data. Meteorological and soil data were sampled at 5 second 

intervals and averaged to half hourly data using a data logger (model CR3000, CSI). 

Eddy covariance flux, soil chamber CO2 flux and meteorological measurements have 

been continue at this site, however measurements made after December 31, 2015 are not 

included in this analysis.  

2.4 Data analysis  

Linear and exponential regression analyses were performed on daily means of measured 

Rs data for gap filling. Four simple, empirically driven models were derived to determine 

the correlation between Rs and its main environmental controls (Ts and SM), outlined in 

Table 5. The first was a simple, exponential regression between Rs and Ts (Rs_Ts, 

Equation 2), and the remaining models were versions of the Q10 model (Equation 3). An 

annual Q10 was fit for each year (Rs_Q10), and the Q10 model was modified with a logistic 

SM function (Peichl et al., 2010) to incorporate soil moisture effects (Rs_Ts*SM): 

Rs = R10×Q10
((Ts-10)/10)

×(
1

1+𝑒𝑎+𝑏∗𝑆𝑀
) (4) 

 where Rs is predicted soil respiration (in µmol CO2 m
-2

s
-1

), Ts is soil temperature (in ºC), 

SM is soil moisture (in m
3
m-

3
), and R10, Q10, a and b are fitted temperature coefficients. 

The fourth model was a Q10 model fit on a monthly basis (Rs_MQ10) outlined in Table 6. 

Modeled daily Rs was calculated from continuous Ts and SM data available from the 

weather station and the automated soil CO2 chamber measurement system. Daily mean 

Ts and SM values (measured at 5cm depth) were used as input to the models. Each model 
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was used to simulate daily, seasonal (spring = April - May, summer = June - August, 

Autumn = September - October) and growing season (April - October) Rs emissions, and 

compared to ecosystem respiration data derived from eddy covariance measurements. 

Calculated daily Rs emissions were converted to grams of C per meter squared per day 

and summed to seasonal and growing season sums.  

Root mean square deviation (RMSD), coefficient of correlation (r), coefficient of 

determination (R
2
), relative bias (RB) and relative error (RE) were used to evaluate 

model performance. The range, standard deviation (SD), and coefficient of variation 

(CV) were taken as indicators of the degree of spatial variability in Rs. 

 

3. RESULTS 

3.1 Meteorological measurements 

The annual course and monthly average values of selected meteorological and soil 

variables during the study period are shown in Figure 3 and Table 3. Monthly average air 

temperature (Ta, Figure 3a) ranged from -7.6 and -6.2 ºC in the winter seasons to 20.1 

and 21.3 ºC in the summer seasons in 2014 and 2015, respectively. The mean annual Ta 

values were 7.9 and 9.0 ºC in 2014 and 2015, respectively. The 30-year mean Ta value is 

8.0ºC in the region (Environment Canada, Delhi Station). In April Ta rose above 0 ºC, 

continued to rise until August after which Ta gradually declined for the rest of the year.   

The seasonality of photosynthetically active radiation (PAR, Figure 3a) and soil 

temperature (Ts, Figure 3b) followed closely that of Ta, with the exception of the late 
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winter (January to March) where Ts remained consistently near 0 ºC. Monthly average Ts 

values ranged from -0.05 and -0.04 to 17.8 ºC and 18.1 ºC in 2014 and 2015, 

respectively. Maximum values for incoming photosynthetically active radiation (PAR, 

Figure 3a), Ta and Ts occurred in the summer months. In 2014 PAR reached maximum 

values in June, coinciding with maximum Ta values, whereas in 2015 maximum PAR 

and Ta were reached in July.   

Total annual precipitation (PPT) (Figure 3c) at the site was 1430 and 810 mm in 2014 

and 2015, respectively. The regional 30-year mean value of the area is 1036 mm 

(Environment Canada, Delhi Station). The site received approximately 703 and 576 mm 

of precipitation throughout the growing season (April through October) of 2014 and 

2015, respectively.  

Soil moisture content (SM), shown in Figure 4, peaked in early spring with maximum 

values of 0.23 and 0.19 m
3
m

-3
 in April of both 2014 and 2015, respectively.  SM 

decreased during the summer months, reaching minimum values of 0.032 and 0.027 m
3
m

-

3
 in July 2014 and September 2015, respectively. There was a second SM peak in late 

autumn, reaching 0.15 m
3
m

-3
 in October of 2014 and 0.11 m

3
m

-3
 in November of 2015.  

Average SM values were found to be 0.12 m
3
m

-3
 in 2014 and 0.09 m

3
m

-3
 in 2015.  

3.2 Seasonal and annual trends in Rs 

The daily Rs recorded by automated and manual chamber measurements during the study 

period are shown in Figure 5.  The seasonal trend of Rs followed closely that of Ta and 

Ts, reaching its maximum values in the summer months, then followed a declining trend 
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throughout the rest of the year. Maximum daily mean Rs of 12.09 and 11.66 µmol CO2 

m
-2

s
-1

 were recorded on August 5
th

 2014 and June 14
th

 2015, respectively, while daily 

minimum mean Rs of 0.72 and 1.37 µmol CO2 m
-2

s
-1

 were recorded on December 11
th

 

2014 and November 20
th

 2015, respectively. 

An increase in Rs rates during and following precipitation events was observed. For 

example, on September 2
nd

, 2014 there was a 22.4 mm precipitation event which caused 

an increase of SM of 0.1 to 0.28 m
3
m

-3
 and an 88% increase in Rs from 6.5 to 12.2 µmol 

CO2 m
-2

s
-1

 (Figure 6). Rs did not return to pre-rain event Rs until September 8
th

, 6 days 

after the rain event.  

Measured growing season (April-October) Rs was found to be 800 and 976 g C m
-2

 in 

2014 and 2015, respectively. Growing season totals may be underestimated as 

percentages of missing data amounted to 46.3% of 2014 and 17.9% of 2015 (Table 4). 

Maximum Rs rates and carbon loss were measured in the summer months (June-August), 

contributing 484 and 621 g C m
-2

 in 2014 and 2015, respectively.  

3.3 Spatial variability 

The coefficient of variation (CV) among automated measurement chambers in 2015 

varied between 15 to 85% and averaging 50% (n=5).  

In order to assess the ability of the automated chambers to account for spatial variability 

in Rs, manual chamber measurements were taken along two additional transects 

periodically and compared to the automated chamber measurements made within the 
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same time frame. The automated and manual chambers showed good agreement 

throughout the majority of the study period (Figure 7). The automated chamber 

measurements measured within 1 standard deviation of both manual chamber 

measurements along Transect 1 (T1) and Transect 2 (T2) 93% of the time.  

T1, which ran alongside the automated chamber measurement site, had a mean SM value 

of 0.12 m
3
m

-3
 and mean Ts of 15.2 ºC. T2 had a similar mean Ts of 14.8ºC, but a higher 

mean SM of 0.16 m
3
m

-3
. Rs measured at T1 was most similar to the automated chamber 

measurements, with a range of 1.01 – 8.91 µmol CO2 m
-2

s
-1 

and a mean of  5.01 µmol 

CO2 m
-2

s
-1

. Rs measurements with the automated chambers ranged from 1.28 – 10.0 

µmol CO2 m
-2

s
-1

, averaging 5.14 µmol CO2 m
-2

s
-1

, while T2 ranged from 1.08 – 5.0 µmol 

CO2 m
-2

s
-1

, averaging 3.0 µmol CO2 m
-2

s
-1

.  

3.4 Controlling factors on Rs 

Rs displayed a strong, positive, exponential relationship with Ts in both years of the 

study period (Figure 8). Further analysis of the temperature relationship found that the 

annual temperature sensitivity (Q10 values) in 2014 and 2015 were 3.92 and 1.65, 

respectively. The difference in Q10 values between these two years could be due to the 

high percentage (46%) of missing data in 2014, failing to take into account the early 

growing season Rs trends. Incorporating both 2014 and 2015 data sets, the site Q10 was 

found to be 2.34.  

This study found that the temperature sensitivity of soil respiration varied temporally. A 

single Q10 and R10 coefficient was calculated for each month during active measurements, 
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outlined in Table 5b. The Q10 of Rs decreases with increasing Ts values, while R10 values 

increase. The lowest R10 values (2.07 to 3.30 µmol CO2 m
-2

s
-1

) occur during early and 

late growing season when monthly average Ts was approximately 12ºC. The highest R10 

(8.33 µmol CO2 m
-2

s
-1

) and lowest Q10 (0.86) occurred when Ts was equal to or greater 

than 18ºC, corresponding to the summer months of 2015. The highest Q10 value (4.97) 

was observed in early summer when Ts was below 15ºC.  

Even between months with identical monthly mean Ts values, there were seasonal 

differences in R10 and Q10. For example, in both May and October of 2015 the monthly 

mean Ts was approximately 12 ºC. However the Q10 and R10 were lower in May (2.26 

and 2.07 µmol CO2 m
-2

s
-1

, respectively) than in October (2.89 and 3.30 µmol CO2 m
-2

s
-1

, 

respectively).  

There is a statistical difference between Q10 values calculated between years. For 

example, Q10 was found to be 2.93±0.05 in September of 2014, but 1.11±0.08 in 

September of 2015. This could be reflective of differences in climatic and soil conditions. 

In September, monthly PPT was 129% higher and SM was 120% higher in 2014 than 

2015, which indicates that SM may have contributed to these differences. 

3.5 Comparison of Rs models 

Four models were fit to measured Rs data from 2014 and 2015 data for the purpose of 

comparing model fits. Three were annual models (parameters outlined in Table 5a) and 

one was fit on a monthly basis (parameters outlined in Table 5b). A comparison of 

modeled and observed daily mean Rs during the growing season of both years are shown 
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in Figures 9. The modeled vs observed Rs regression analysis and the coefficient of 

determination (R2) for each model is shown in  Figure 10. The regression lines are much 

closer to the 1 1 line and the R2 shows improvement with the Rs_Ts*SM model (Figure 

10, b and f) and Rs_MQ10 model (Figure 10, d and h). 

Taylor diagrams, comparing the models in terms of standard deviation, correlation 

coefficient, root mean square deviation (RMSD), are displayed in Figure 11. In 2014, the 

model that best fit the data was found to be the monthly Rs_MQ10 (model D in Figure 11) 

as it is highly correlated with measured values (producing a correlation coefficient of 

0.9), and had the lowest RMSD value (1.17). However the Rs_MQ10 model had a lower 

standard deviation (2) than the measured Rs (2.46), indicating it would not be able to 

reproduce the seasonal variability of the Rs data. The Rs_Ts*SWC model (model B in 

Figure 11) fitted to measured half-hourly Rs data achieved a high correlation coefficient 

and a low RMSD value, but had the furthest standard deviation from the measured data. 

The Rs_Ts (model A) and Rs_Q10 models (model C) fitted to measured half-hourly Rs 

data reproduced the variability of the data as they had the closest standard deviation to 

the measured values, but they did not achieve as desirable of a correlation coefficient or 

RMSD value as model B and D.  

In 2015, when more complete measured Rs data was available, the Rs_MQ10 model 

showed the best fit, with a correlation coefficient of 0.87 and RMSD value of 1. It also 

had a standard deviation of 1.96, very close to the standard deviation of the measured 

data set (2.1). The Rs_Ts*SM model had the next best fit with a correlation coefficient of 
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0.77, an RMSD value of 1.41, and a standard deviation of 2.1. The remaining two models 

were not well correlated, all producing correlation coefficients of approximately 0.6, and 

RMSD values greater than 1.5. 

A further statistical analysis of each model is outlined in Table 6. Overall the Rs_M10 and 

Rs_Ts*SM models had the best fit, explaining an average of 77 and 65% of the 

variability in the observed Rs data. The effect of SM was able to be examined through the 

comparison of the conventional Q10 model (Rs_Q10) and the Q10 model with the addition 

of a logistic SM function (Rs_Ts*SM). The Rs_Q10 model obtained an R
2
 of 0.20 in 

2015, while the Rs_Ts*SM model obtained an R
2
 of 0.55. This indicates that SM 

accounted for 35% of the variability in the data. In 2014 the difference in R
2
 was 0.05, 

which could be due to fact that only the second half of the growing season was measured 

in 2014.  

To better visualize the temporal trends in model fit, the daily relative error of each of the 

fitted models were plotted in a stacked bar plot over both the 2014 (Figure 12) and 2015 

(Figure 13) study period. There were clear seasonal trends in the estimation of all models. 

In both years they were producing positive relative error values during the summer 

months (June, July and August), representing an underestimation of Rs. Towards the end 

of August until the end of the measurement period the models were producing negative 

relative error, indicating an overestimation of Rs. There were large relative error values 

of the models in the spring of 2015. This could be the result of instrumentation problems 

causing a loss of 57% of spring Rs data in 2015, inhibiting the ability to produce a model 
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that accurately predicts Rs during that season. Both Figure 12 and Figure 13 indicate that 

the Rs_MQ10 and Rs_Ts*SM models have the lowest relative error of the four models.  

The daily relative error of each of the fitted models was plotted as a function of 

temperature in Figure 14. The Rs_MQ10  model (Figure 14,d & h) show the most uniform 

relative errors across all measured Ts ranges (2 to 22ºC). The Rs_Ts (Figure 14,a & e) 

and Rs_Q10 models (Figure 14,c & g) produced positive relative error values in the 

summer months and negative relative error in the autumn. The Rs_Ts*SWC (Figure,14 b 

& f) model showed largely negative relative error at lower Ts and positive relative error 

at higher Ts. 

All models showed positive relative error in April and negative error in May. Due to loss 

of a large percentage of spring measured data, the time period when recorded soil 

temperatures were within the 2 to 8ºC range, the ability of our model to represent spring 

Rs was likely reduced.  

Each model was used to simulate seasonal and growing season Rs emissions, which are 

summarized in Table 7. Across all four models, spring had the lowest estimated carbon 

emissions (156 to 231 g C m
-2 

in 2014 and 150 to 195 g C m
-2

 in 2015). The highest 

estimates were in the summer season (587 to 925 g C m
-2 

in 2014 and 468 to 628 g C m
-2

 

in 2015), with emissions declining again in the autumn (321 to 437 g C m
-2 

in 2014 and 

267 to 325 g C m
-2

 in 2015). Measured growing season ecosystem respiration (RE) was 

935 ± 2.3 g C m
-2 

in 2014 and 1049 ± 3 g C m
-2 

in 2015. No model estimated below 1100 
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g C m
-2 

in 2014. The lowest carbon emissions estimated in 2015 was by the Rs_MQ10 

model, estimating 885±2.2 g C m
-2

. 

4. DISCUSSION 

4.1 Temporal patterns of Rs 

Significant seasonal variation of Rs was observed at our site. Rs increased in spring and 

then peaked in summer, coinciding with maximum PAR, Ta and Ts, which provided 

optimal conditions for high rates of photosynthesis and respiration. Rs then declined into 

autumn, following the seasonal dynamics of Ts rather than SM. This indicates that Ts 

was the main driver of temporal variation in Rs, which is comparable to the results of Rs 

measured in other temperate forests (Taylor et al., 2015; Shabaga et al., 2015).   

The effect of temperature on Rs can be expressed using the Q10 model coefficients, R10 

and Q10 (Equation 3). The basal respiration rate at 10ºC (R10) is related to the volume of 

the soil column that is biologically active, i.e. the size and activity of the microbial and 

root population (Mo et al., 2005).  The Q10 value is the temperature sensitivity of Rs to 

warming (Jia et al., 2013). The Q10 and R10 values obtained at our site were found to be 

1.11 to 8.33, within the range of literature-reported values (Jacinthe & Lal, 2006; Khomik 

et al., 2006; Noh et al., 2015), and followed distinct seasonal trends. It was found that R10 

values increase with increasing Ts values, while Q10 values decrease, which is consistent 

with many previous studies (Janssens et al., 2004; Gaumont-Guay et al., 2006; Jia et al., 

2013).  The higher Q10 at lower Ts can be explained by the higher sensitivity of soil 

microbial populations (RH) to temperature fluctuations at low Ts (Mo et al., 2005).  It is 
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also related to plant phenology as it can reflect changes in root activity and associated 

respiration (Jia et al., 2013). The main driver of RA is substrate provision through 

photosynthesis, but sensitivity to temperature can be the result of environmental factors 

that co-vary with temperature, such as light-dependent production of photosynthates and 

changes in root biomass (Hogberg et al., 2001; Mo et al., 2005; Wei et al., 2010).  

There were seasonal differences in R10 and Q10 at our site, even between months with 

similar mean Ts, as expected. For example, May and October of 2015 had identical mean 

Ts (12ºC) but the R10 and Q10 values were lower in May. Studies in literature have found 

that regardless of identical Ts, higher R10 values are reported in the autumn months due to 

the larger active volume of the soil as a result of the warming of deeper soil layers during 

the summer and accumulation of fresh litter (leading to higher levels of microbial 

activity) compared to spring (Jia et al., 2013; Mo et al., 2005).   

Seasonal variations in Rs can be largely accounted for by variations in Ts, but there are 

inconsistencies in the temperature effect that can be explained by other environmental 

controls such as soil moisture as mentioned earlier and in many studies in literature. 

(Davidson et al., 1998; Xu & Qi, 2001; Pumpanen et al., 2008; Van der Molen et al., 

2011). One example of this is increases in Rs after high levels of precipitation at our site. 

We observed pulse responses of Rs following large rainfall events (Figure 6), which is 

consistent with results reported in a number of field studies (Lee et al., 2004; Gaumont-

Guay et al., 2006; Yan et al, 2014).  This is mainly attributed to an increase in 

decomposition by soil microbial communities (Lee et al., 2002; Gaumont-Guay et al., 
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2006). Following a rain event, CO2 in soil pore spaces is replaced with rainwater, causing 

a surge in CO2 efflux at the soil surface, and microbial populations and activity increase 

to decompose carbon compounds within the litter and upper soil layers (Yan et al., 2014).  

Few studies have quantified the total contributions of Rs pulses following rain events to 

total Rs. Lee et al (2002) reported an increase of Rs rates of 16-21% following rain 

events in a temperate deciduous forest in Japan. Liu et al (2015) conducted a meta-

analysis on precipitation treatments across multiple biomes and found that precipitation 

events in temperate forests cause an increase in Rs of 17-30%. Our site experienced 

pronounced increases in Rs after precipitation events, larger than those typically reported 

for temperate deciduous forests in literature, which could be the result of the well-

drained, sandy soils and climatic conditions at our site, which receives half the amount of 

precipitation than the site studied by Lee et al (2002). We suggest that the relatively low 

SM (0.03 to 0.23 m
3
m

-3
) and good drainage could result in a rainfall pulse response more 

typically seen in an area susceptible to frequent drying and rewetting. 

Despite a general understanding of the processes that enable soil moisture to affect Rs, 

the exact effect of soil moisture is still a subject of debate in literature. Our analysis 

indicates that soil moisture accounts for approximately 35% of the variability of Rs, and 

may be more of a control in the early growing season. This is comparable to findings of 

other studies, that Ts accounts for approximately 60-70% of the variability in Rs while 

soil moisture is the secondary control (Xu et al., 2004). Further investigation is needed to 
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corroborate this conclusion on the role of soil moisture using longer multi-year observed 

data time series.  

4.2 Spatial variability  

The use of automated chambers provides both advantages and disadvantages when 

dealing with variability in Rs. Automated chamber measurements provide dense temporal 

resolution, however they capture much less spatial variability as compared to manual Rs 

measurements. In order to scale Rs from automated chamber-based measurements to 

annual soil CO2 fluxes at an ecosystem level, spatial variations in Rs need to be 

considered (Wang et al., 2006). The difference in fluxes measured a meter apart can be as 

large as differences measured tens of meters apart, even within an area that looks 

homogenous (Davidson et al., 2002). One indicator of the capability of chamber 

measurements to account for spatial variability is the coefficient of variation (CV) among 

automated Rs chambers. The CV at our site was found to 50% in 2015, which is 

comparable to those found in other Rs studies. For example, a study conducted by Shi & 

Jin (2016) in temperate forests in northeastern China found within-site variations of Rs 

were 20 to 52%. Another study by Ngao et al. (2012) reported CV of 9 to 62% in a 

European temperate beech forest.  

The spatial variation in Rs and its driving factors are currently under-researched due to 

methodological limitations and its complex origins (Shi & Jin, 2006); however the high 

CV values obtained in this study as well as previously reported literature indicate that 

spatial variability is important and should be of concern. Sources of spatial variation in 
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Rs are reported as largely due to variability of soil organic matter content, root 

distribution, and soil moisture (Luan et al., 2014; Shin & Jin, 2016).  

In order to assess the ability of automated chambers, this study utilized manual chamber 

measurements conducted at two separate, 50m transects for comparison purposes. Using 

a combination of both measurement systems provides insight into the spatial 

representativeness of the automated chamber measurements (Savage & Davidson, 2003), 

as the larger number of manual collars permit greater spatial distribution. The two 

systems produced similar results when compared on manual chamber measurement dates, 

measuring within one standard deviation of each other 93% of the time. Similar 

comparison studies also found good agreement between manual and automated Rs 

measurement systems (Savage & Davidson, 2003; Irvine & Law, 2002). There were 

differences between the two transects, for example the SM at T2 was on average 

0.04m
3
m

-3
 higher than T1 and a 2.0 µmolm

-2
s

-1
 lower mean Rs, capturing the spatial 

variability in major Rs controls.  

Overall our results suggest that both automated and manual chamber measurements are in 

good agreement, but automated chambers are advantageous for their ability to capture 

high temporal resolution while still being able to account for spatial variation.  
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 4.3 Modeled Rs 

4.3.1 Comparison of model fits 

From this analysis, the models that produced the best fit for our site were the monthly Q10 

model (Rs_MQ10) and the Q10  model with a SM function (Rs_Ts*SM). They both 

performed better than the simple Rs vs Ts model (Rs_Ts) and conventional annual Q10 

model (Rs_Q10). The short-term (i.e. monthly, daily) temperature response of Rs has been 

shown to deviate significantly from that for the annual cycle (Jia et al., 2013). The annual 

Q10 model may not reflect the true temperature sensitivity since it can be obscured by 

other seasonally-varying factors such as root biomass, photosynthesis rates, and litter 

inputs. (Yuste et al., 2004; Gaumont-Guay et al., 2006). Our analysis agreed with these 

conclusions. The monthly Q10 model was better able to simulate the complex seasonal 

pattern of Rs-Ts than the annual Q10 model. Calculating on a short-term, monthly 

timescale removes seasonally confounding effects and allows for a better representation 

of the temporal sensitivity of Rs to Ts (Jia et al., 2013).  

The conventional annual Q10 model also showed improved performance when soil 

moisture impacts were incorporated using a logistic soil moisture function. Soil moisture 

has numerous effects on ecosystem metabolism and growth, and thus is an important 

factor influencing Rs. Low soil moisture conditions can decrease the temperature 

sensitivity and lower the overall rate of Rs (Xu & Qi, 2001; Davidson & Janssens, 2006; 

Van der Molen et al., 2011). High soil moisture can limit the diffusion of oxygen to 

microbial communities for RH (Pumpanen et al., 2008).  Including soil moisture into Rs-
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Ts models improves predictions of Rs, which is supported by previous studies (Wang et 

al., 2006; Geng et al., 2012).  

Overall the Rs_Q10 and Rs_Ts*SM model provided reasonable fit and improvements on 

the traditional Q10 model, but there was still seasonal bias present in the predicted Rs 

values. The models all overestimated Rs in the autumn, and underestimated Rs in the 

summer.  

4.3.2 Comparison of chamber Rs values with ecosystem respiration. 

In order to calculate growing season CO2 emissions at the TPD study site, a model had to 

be implemented since there were large percentages of missing measured data. We 

calculated growing season total Rs values using all four Rs-Ts models and compared 

them to ecosystem respiration (RE) measured by the eddy covariance system operating at 

our site. Automated chamber measurements were not maintained during the winter during 

our study, and as such predicted emissions for winter were not calculated. Previous 

studies have reported growing season soil carbon emissions of 800 to 1400 g C m
-2

 in 

temperate forests (Raich & Schlesinger, 1992; Kishimoto-Mo et al., 2015; Keidel et al., 

2015; Liu et al., 2016).  Our simulated growing season Rs values for 2014 and 2015 

appear to be within this range, with growing season estimated Rs values from 885 to 

1593 g C m
-2

, respectively.  Most studies in literature do not include measurements taken 

in the winter, as it is thought to be a relatively low percentage of total annual Rs and 

automated chamber measurements are difficult to maintain in the winter season due to 

snowfall. Liu et al (2015) conducted a study in a temperate coniferous forest and found 
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winter Rs to be approximately 5% of total annual emissions, but other studies report 

contributions between 10-50% (Schindlbacher et al., 2007).  

Contributions of Rs to RE has been reported as 60-90% in literature (Davidson et al., 

2002; Yuste et al., 2005; Khomik et al., 2006). In our study, the only estimate of growing 

season Rs that was able to be compared to RE was by the Rs_MQ10 model in 2015 (84% 

of growing season RE). All other models appeared to overestimate Rs, as the chamber-

based estimates yielded significantly higher values than eddy covariance derived RE. 

Previous studies have reported overestimation of Rs by chamber-based measurements 

(Koskinen et al., 2014; Speckman et al., 2014). Some possible explanations of this 

phenomenon may be differences in the spatial coverages of the automatic chamber 

systems and the eddy covariance flux footprint (Davidson et al., 2002; Davidson et al., 

1998). Though improvements were made, all Rs-Ts models displayed seasonal biases 

with an underestimation of Rs in the summer and an overestimation in the autumn 

(Figures 11 and 12). Methodological errors in chamber-based flux measurements have 

also been proposed as possible sources of overestimation by chamber measurements, 

such as the disturbance of the soil CO2 gradient caused by the chamber closing too 

quickly (Davidson et al., 1998; Koskinen et al., 2014). Comparing both study years, the 

absence of the first half of the growing season in 2014 have also lead to estimation errors. 

This study has provided important insight on the temporal and spatial dynamics of Rs. 

The addition of temporal and SM considerations have been shown to increase the 

modeling accuracy of the traditional Q10 model. Many future climate change scenarios 
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predict an increased probability of intense precipitation events (IPCC, 2014), and a 

quantitative understanding of the Rs rain response is a necessary consideration in the 

development of an accurate global carbon cycle model. Future work could include a 

quantification of the contribution of PPT-induced pulses in Rs to annual total Rs in 

temperate deciduous forests, as well as the further development of an accurate, predictive 

model through an improved understanding of the spatial and temporal dynamics of Rs.   

5. CONCLUSIONS 

In this study, the growing season dynamics of Rs in a temperate deciduous forest was 

studied using automated and manual chamber measurement systems over a two year 

period (2014 to 2015). Through the comparison of automated and manual chamber 

measurements performed along two separate transects, the automated chamber 

measurements were found to be able to account for spatial variability in Rs within the 

forest site. Our analysis indicated that Ts was a dominant control and explained annual 

temporal variability in Rs. Soil moisture also exerted a significant control and accounted 

for approximately 35% of the variability in Rs in 2015. We observed large pulses of Rs 

following major rainfall events, which increased Rs by as much as 88% during these 

periods.   

The average annual temperature sensitivity (Q10 value) of the study site was found to be 

2.34, though the Q10 showed significant seasonal variation. R10 was found to increase 

with increasing Ts, while Q10 decreased. The annual Q10 model was improved by the 

incorporation of temporal variability of Rs (by estimating on a monthly basis) and 
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through the addition of soil moisture controls via a logistic function. The monthly Q10 

model estimated Rs with the most accuracy, producing R
2
 values of 0.76 to 0.77 as 

compared to 0.20 to 0.69 for the annual Q10 model. The application of the monthly Q10 

model to growing season data indicated that Rs accounts for 84% of the growing season 

ecosystem respiration measured by the eddy covariance system at our site.   

This study provided insight into the dynamics of Rs in temperate deciduous forests, with 

important implications for the development of vegetation ecosystem models. Our 

findings highlight the importance of considering temporal variations when modeling Rs, 

as well as both temperature and soil moisture controls. Our results also suggest that the 

potential for increased frequency of extreme weather events in the face of climate change 

could have implications on future Rs emissions.  
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TABLES 

Table 1. The organic compounds in plant tissues, organized into broad classes showing 

their relative percentage within typical green-plant material and relative rate of 

decomposition, adapted from The Nature and Properties of Soils (p.488-500) by Brady & 

Weil, 2008.  

 

 

 

 

 

 

 

 

 

 

 

  

Classification Composition of 

plant materials 

(%) 

Rate of 

decomposition 

Sugars and 

starches 

 

5  

Crude proteins 8 

Hemicellulose 18 

Cellulose 45 

Fats and waxes 2 

Lignins and 

phenolic 

compounds 

22 

Rapid 

Very slow 
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Table 2. Selected values of soil nutrient content of the litter fall horizon (LFH), and soil 

depths of 0-15, and 15-35 cm at the site.  

 

Soil Layer OM 

(%) 
P 

(ppm) 
K  

(ppm) 
Mg 

(ppm) 
Ca 

(ppm) 
pH C/N 

Ratio 

Litter 28.8 93 127 274.3 2186 6.0 15.9 

0-15cm 3.5 126 24 52 458 4.9 13.3 

15-35cm 1.3 170 10 33 315 5.3 12.7 
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Table 3. Monthly averages of air temperature (Ta), soil temperature(Ts) at 5cm depth, 

soil moisture content (SM) at 5cm depth, photosynthetically active radiation (PAR), and 

monthly precipitation (PPT) totals over the study period measured by the site weather 

station.  

 

Month Ta 

(ºC) 
Ts 

(ºC) 
SM 

(m
3
m

-3
) 

Precipitation 

(mm) 
PAR 

(µmol m
2 
s

-1
) 

 2014 2015 2014 2015 2014 2015 2014 2015 2014 2015 

Jan -7.6 -6.2 0.09 -0.04 0.10 0.09 336 53 110.3 105.5 

Feb -7.2 -11.4 -0.03 -0.34 0.09 0.05 162 13 197.7 201.0 

Mar -3.5 -1.5 -0.04 -0.01 0.10 0.10 75 35 279.9 282.2 

Apr 6.7 7.0 3.7 2.5 0.16 0.14 119 77 340.4 328.2 

May 13.9 16.1 11.9 12.1 0.14 0.10 98 69 410.9 433.0 

Jun 20.2 18.1 16.5 15.4 0.06 0.13 42 155 490.9 416.3 

Jul 20.1 21.3 17.8 18.0 0.10 0.10 112 44 461.9 487.9 

Aug 20.0 20.4 17.7 18.1 0.10 0.06 40 55 397.6 429.6 

Sept 17.2 19.6 16.0 17.2 0.11 0.05 144 63 331.2 327.2 

Oct 11.7 11.4 11.5 11.9 0.15 0.08 147 113 174.4 201.3 

Nov 3.0 8.3 5.0 8.4 0.15 0.11 106 62 96.3 149.3 

Dec 0.8 5.3 3.0 5.8 0.14 0.11 46 70 72.2 59.0 
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Table 4. Seasonal and growing season totals of ecosystem respiration (RE) and measured 

soil respiration (Rs) values, in g C m
-2

, and the percentage of missing Rs measurements 

during the study period.  

 

Season 

RE 

(gCm
-2

) 
Rs Measured 

(gCm
-2

) 
Missing Data 

(%) 

2014 2015 2014 2015 2014 2015 

Spring 132 ± 1.6 173 ± 1.7 -- 105 ± 0.8 100 57.4 

Summer 524 ± 3.6 617 ± 3.5 484 ± 1.5 624 ± 1.6 41.3 3.3 

Autumn 279 ± 3.8 259 ± 1.8 316 ± 1.8 247 ± 1.0 0 0 

Totals 935 ± 2.3 1049 ± 3.0 800 ±2.5 976±2.2 46.3 17.9 
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Table 5a. Rs model parameters fitted to daily Rs measurements. 

Model 

Label 

Model  

Name 
2014 2015 

A Rs_Ts Rs= 1.13e
0.12Ts

 Rs= 1.63e
0.074Ts

 

B Rs_Ts*SM Rs = 344*2.94
((𝑇𝑠−10)

10

)
*(

1

1+𝐸𝑋𝑃(5.17−2.51∗𝑆𝑀)
) Rs = 344*2.94

((𝑇𝑠−10)

10

)
*(

1

1+𝐸𝑋𝑃(5.17−2.51∗𝑆𝑀)
) 

C Rs_Q10 Rs = 3.03*3.92
((Ts-10)/10)

 Rs = 3.53*1.64
((Ts-10)/10)
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Table 5b.  Rs model parameters fitted to monthly data (Model D, Rs_MQ10)
*
.  

 

  2014 2015 

Model D Month R10 Q10 R10 Q10 

 Apr 3.03
*
 3.92

*
 3.53

*
 1.64

*
 

 May 3.03
*
 3.92

*
 2.07 2.26 

Rs_MQ10 Jun 3.03
*
 3.92

*
 3.05 4.97 

 Jul 3.30 3.74 8.33 0.86 

 Aug 4.05 2.30 5.07 1.13 

 Sept 3.14 2.93 4.36 1.11 

 Oct 3.41 3.11 3.30 2.89 

 

  

                                                           
*
 Denotes period where no monthly Q10 parameters were able to be calculated (due to instrument error or 

outside of the active measurement period). Annual Q10 coefficients were used. 
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Table 6. Statistics for the applied Rs models. Relative root mean square error (RRMSE), 

relative bias (RB), coefficient of determination (R
2
), root mean square deviation 

(RMSD).   

 

Label Model 

Name 

2014 2015 

RRMSE RB R
2
 RMSD RRMSE RB R

2
 RMSD 

A Rs_Ts 24.1 -12.8 0.63 1.50 33.8 -2.7 0.37 1.66 

B Rs_Ts*SM 16.4 4.2 0.74 1.25 31.5 -6.9 0.55 1.41 

C Rs_Q10 19.2 -0.9 0.69 1.35 32.5 5.6 0.20 1.87 

D Rs_MQ10 15.4 3.5 0.77 1.17 18.6 -1.6 0.76 1.01 
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Table 7. Estimated seasonal and total Rs over the growing season using four Rs models.  

Model 

Name 

 

Rs_Ts 

(g C m
-2

) 
Rs_T*SM 

(g C m
-2

) 
Annual Q10 

(g C m
-2

) 
Monthly Q10 

(g C m
-2

) 

Season 2014 2015 2014 2015 2014 2015 2014 2015 

Spring 231±1.6 185±1.5 156±1.2 161±1.4 168±1.7 195±1.7 183±1.8 150±1.8 

Summer 925±1.4 543±1.3 599±1.4 573±1.6 758±1.5 628±1.0 753±1.5 468±1.4 

Autumn 437±1.8 301±2.0 345±1.9 325±1.4 345±2.4 273±2.1 321±1.6 267±1.5 

Totals 1593±3.3  1030 ± 1.6 1100±1.2 1059±2.5 1271±3.0 1096±1.0 1256±2.7 885±2.2 

  



MSc Thesis – K. Daly; McMaster University – Earth and Environmental Sciences

   

   

52 

 

FIGURES 

 

 

Figure 1. A simplified illustration of the autotrophic (RA) and heterotrophic (RH) 

respiration, including the symbiotic relationship between roots and their associated 

mycorrhizae. 
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Figure 2. Visualization of the total microbial activity involved in heterotrophic 

respiration over the growing season, broken down into activity by k-strategists and r-

strategist microorganisms. Adapted from The Nature and Properties of Soils (p.502) by 

Brady & Weil, 2008. 
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Figure 3. Comparison of climatic conditions during the two year study period (2014 and 

2015). (a) Monthly average air temperature (Ta) in ºC and photosynthetically active 

radiation (PAR) in µmolm
-2

s
-1

; (b) monthly average soil temperature (Ts) in ºC; (c) 

monthly average soil moisture (SM) at 5 cm depth in m
3
m

-3
 and cumulative monthly 

precipitation (PPT) in mm. Monthly averages were calculated from half-hourly 

measurements.  
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Figure 4. Comparison of daily mean soil moisture content (SM) at 5 cm depth in m
3
m

-3
 and cumulative daily average 

precipitation (PPT) in mm during (a) 2014 and (b) 2015. 
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Figure 5. Daily average soil respiration (Rs) in µmol CO2 m-
2
s

-1
 measured by automated 

and manual soil CO2 chamber systems over the two year study period.  Automated 

chamber measurements are shown for each chamber: South (S), East (E), North (N), 

Southeast 1(SE1), Southeast 2 (SE2); manual chamber measurements are shown for two 

50m transects: Transect 1 (T1) and Transect 2 (T2). Each transect includes ten permanent 

sampling collars, 5m apart. 

 

 

 

 

 

 

 



MSc Thesis – K. Daly; McMaster University – Earth and Environmental Sciences

   

   

57 

 

 

 

Figure 6. (a) Half hourly soil respiration (Rs) and precipitation (PPT) and (b) half hourly 

soil temperature (Ts) and soil moisture (SM) at 5 cm depth before, during, and following 

a 22.4 mm precipitation event on September 2
nd

, 2014.  
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Figure 7. Comparison of the manual soil CO2 chamber soil respiration (Rs) 

measurements conducted at Transect 1 (T1) and Transect 2 (T2) against the automated 

chamber Rs measurements. The error bars indicate standard deviations.  
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Figure 8. The empirical relationship between daily soil respiration (Rs) in µmol CO2    

m
-2

s
-1

 and soil temperature (Ts) in ºC measured with the automated chamber temperature 

probes at 5cm depth during the two year (2014/2015) study period. The fitted Rs_Ts 

equations and R
2 

were found to be Rs=1.13e
0.12Ts

 and 0.63 for 2014 and Rs=1.63e
0.074Ts

 

and 0.37 for 2015.  
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Figure 9. Measured Rs values of daily mean soil respiration during the growing season 

(April- October) compared with predicted values using four models (Rs_Ts, 

Rs_Ts*SWC, Rs_Q10 and Rs_Q10) in 2014 (a) and 2015 (b). Rs is recorded in µmol CO2 

m
-2

s
-1
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Figure 10.  Observed soil respiration (Rs) plotted against modeled Rs and the coefficient of determination (R
2
) for each of the 

four fitted models (Rs_Ts, Rs_Ts*SWC, Rs_Q10 and Rs_M Q10) for the growing seasons in 2014 (a, b, c, d) and 2015 (e, f, g, 

h). The numbers beside data points correspond to the month.   
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Figure 11. Taylor diagrams comparing model fits in terms of standard deviation, 

correlation coefficient and root mean square deviation (RMSD) in 2014 (a) and 2015 (b).  

The models are labelled as (A) Rs_Ts, (B) Rs_Ts*SWC, (C) Rs_Q10, and (D) Rs_MQ10.  
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Figure 12. A stacked bar plot showing the daily relative error of each of the four fitted 

models (Rs_ Ts, Rs_Ts*SWC, Rs_Q10 and Rs_M Q10) over the 2014 measurement period 

(Day of Year 190-339).  
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Figure 13. A stacked bar plot showing the daily relative error of each of the four fitted 

models (Rs_ Ts, Rs_Ts*SWC, Rs_Q10 and Rs_M Q10) over the 2015 measurement period 

(Day of Year 98-330).  

 



MSc Thesis – K. Daly; McMaster University – Earth and Environmental Sciences

   

   

65 

 

 

Figure 14. The daily relative error of each of the four fitted models (Rs_Ts, 

Rs_Ts*SWC, Rs_Q10 and Rs_M Q10) plotted against temperature (ºC) for the growing 

seasons in 2014 (a, b, c, d) and 2015 (e, f, g, h). The numbers beside data points 

correspond to the month.   

 


