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ABSTRACT 

 

Mining, smelting and forest harvest led to severe environmental disturbances across Sudbury 

region, resulting in extensive forest cover loss, soil erosion and contamination with acids and 

metals. Regreening efforts began in 1978, by liming, fertilizing and tree planting. However little 

work has been done to assess the influence of reclamation practices on soil processes and 

functioning in these industrially damaged landscapes. In particular there is a lack of such 

information for hillslopes and other challenging sites.  In view of this, the present study 

examined the effects of land reclamation on key ecosystem processes such as litter 

decomposition and soil respiration (CO2) and CH4 and N2O fluxes and the ecological controls 

that regulate these processes. The study was conducted along two parallel transects, one within a 

barren area and the other within a regreened area at a steep hillslope within the Kelly lake 

watershed, a study site a few kms of the Copper Cliff smelter in Sudbury. 

Traditional litter bag decomposition studies are time consuming, expensive, and lack 

standardization of litter quality. I therefore used a new Tea Bag Index methodology to measure 

early stage decomposition with two contrasting standardized substrates (Green and Rooibos tea). 

Tea bag Index parameters were used to quantify the rate at which standardized litter is broken 

down (decomposition rate index (k)) and to measure the undecomposed residual substrate in the 

soil (stabilization factor (S)) which has a potential for sequestration. The results revealed that 

decomposition of Green tea (labile substrate) was twice as fast as Rooibos tea (recalcitrant 

substrate) in both the reclaimed and barren areas. I found that at reclaimed areas the average 

Green tea mass loss rates (1.37 ± 0.01 (SE) gm), CO2  production rates (98.84 ± 5.46 (SE) mg m-2 

h-1), CH4  consumption rates (- 0.0104 ± 0.00 (SE) µg m-2 h-1 ) were statistically higher than at  

barren areas, where the average Green tea mass loss were (1.25 ± 0.01 (SE) gm), CO2  production 

rates were (33.79 ± 2.26 (SE) mg m-2 h-1 ) and CH4  flux rates were (0.0014  ± 0.001 (SE) µg m-2 

h-1) respectively. Average Rooibos tea mass loss on the other hand showed no significant 

differences occurred between reclaimed areas (0.69 ± 0.02 (SE) gm) and at barren areas (0.64 ± 

0.02 (SE) gm). N2O flux rates also did not differ significantly between reclaimed (-0.01048 ± 

0.0006 (SE) µg m-2 h-1) and barren areas and (-0.00073 ± 0.000452 (SE) µg m-2 h-1). However, 

when the combined substrate measure of decomposition rate index  (k) was compared, there was  

no significant differences between the reclaimed area soils (0.012  ±  0.001 (SE) g·g-1·day-1) and  
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the still barren untreated soils (0.013  ±  0.001 (SE) g·g-1·day-1). Only the Stabilization factor (S) 

proved to significantly different with a higher value for the barren soil (0.16 ± 0.009 (SE) g g-1 ) 

than  the reclaimed soil (0.09 ± 0.006 (SE)  g g-1) suggesting that the barren areas had slower 

decomposition resulting in a greater potential for accumulation of undecomposed organic matter 

in the soil. All soils tested proved to be sources of carbon dioxide. The reclaimed areas appeared 

to be small sinks for methane and nitrous oxide, whereas at barren areas results were less 

consistent and the soils appeared as likely to emit or consume methane and nitrous oxide fluxes.  

My main finding was that land reclamation enhanced decomposition of labile substrates 

CO2 production rates and CH4 consumption rates but decomposition rate index (k) and soil 

respiration rates (CO2) and CH4, and N2O fluxes were still very low compared to other less 

disturbed ecosystems. Stepwise multiple regression analysis revealed that decomposition of 

Green tea (labile substrate) was most likely influenced by microclimatic factors (i.e. moisture) 

and that decomposition and soil respiration (CO2 production rates) decreased with increasing 

temperature at barren areas. Topography (i.e. elevation(m)) had little or no effect on carbon 

turnover rates across the study sites. In conclusion, land reclamation influenced key ecosystem 

processes such as decomposition of labile organic matter and soil respiration, but even after 37 

years post-treatment, Sudbury soils in these hillslope sites were shown to be still under severe 

environmental stress.  
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1.0   Introduction 

Globally, ecosystems are being altered by the influence of multiple natural and anthropogenic 

factors (Kirby et al. 2009). Significant exchanges of carbon dioxide, methane and nitrous oxide 

occur naturally between terrestrial ecosystem and the atmosphere (Richardson et al., 2019). 

However, since the beginning of industrial revolution excessive concentrations of greenhouse 

gases have been emitted into the atmosphere due to burning of fossil fuels, industrial emissions, 

land use change and deforestation (IPCC, 2014). This has resulted in an increase of global 

temperature at an alarming rate of 0.17 °C/10 years (IPCC, 2001). With increasing 

concentrations of atmospheric greenhouse gases, in part influenced by ecosystem feedbacks to 

environmental changes, better understanding of the ability of trees and soils to sequester carbon 

is of great importance. 

Soil respiration (Rs) is the largest source of terrestrial carbon efflux, emitting up to 80 Pg carbon 

into the atmosphere annually (Raich et al., 2002). Rs comprises combined heterotrophic 

respiration and autotrophic (root) respiration (Kuzyakov, 2006) and is often used as a biological 

indicator of soil health in terrestrial ecosystems (Bastida et al., 2008). Some of the main 

environmental drivers of soil respiration are temperature, moisture, oxygen, nutrient status, soil 

texture, soil pH, and substrate quality and availability, which is linked to gross and net primary 

production at different timescales (Luo and Zhou, 2006; Melillo et al., 2002). Previous studies 

have shown that fluctuations in climatic factors can have a profound impact on key ecosystem 

processes such as soil respiration (and interrelated organic matter decomposition), resulting in 

imbalance of ecosystem-level carbon exchange (Boone et al., 1998; Subke et al., 2006; Hartley et 

al., 2007). Moreover, the potential response of Rs to warming varies diurnally and annually 

(Davidson and Janssens, 2006).  Thus, understanding the effect of environmental controls on soil 

respiration is crucial to predict climate feedback loops.  

Autotrophic respiration contributes from 10% to 90% of total soil respiration, depending on 

seasonality and primary producer phenology, landscape characteristics and vegetation cover 

(Hanson et al., 2000). Trees store atmospheric carbon as biomass (aka primary production) as the 

net result of photosynthesis minus autotrophic respiration (Korner, 2000). Moreover, following 
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senescence or through harvest slash, net primary production in the ecosystem eventually is 

transformed into aboveground and below ground litters that are mineralized or incorporated in to 

soil organic matter. In forests the bulk of plant biomass is composed primarily of easy 

decomposable components such as pectin, protein, starch and hard decomposable components 

including cellulose, hemicellulose, lignin, which are C-rich and macronutrient poor substrates for 

soil biota that carry out subsequent decomposition. (Averill, 2011). 

Decomposition of organic matter is a biological process mediated through heterotrophic 

respiration that causes physio-chemical breakdown of complex polymers of dead material into 

simple organic and inorganic molecules, but also the formation of stable microbial-mediated 

humus compounds like polyuronic acids in processes that are still poorly understood. 

Decomposition represents a diverse range of biological, chemical and physical processes, leading 

to the recycling of nutrients within soils (Didion et al., 2016). Moreover, breakdown and 

transformation of labile and recalcitrant carbon compounds is an important step in the global 

terrestrial carbon cycling (Eichorst, 2012). Decomposition rates of leaf litter can vary with 

differences in nutrients, lignin and secondary metabolites in the litter. Consequently, there can be  

a wide range of soil organic matter quality in an area, primarily due to different forest vegetation 

composition  (Berg, 2000; Binkley, 1995). Numerous studies have demonstrated that litter 

decomposition process can be inhibited by plant structural polysaccharides, cellulose, lignin and 

hemicellulose, which act as a protective barrier to microbial activity, reducing decomposition 

(Luna-Orea et al., 1996; Ranells and Wagger, 1996; Rosecrance et al., 2000). Furthermore, 

climatic conditions, soil texture, seasonal variations in moisture or temperature can all influence 

decomposition and release of nutrients (Jani et al., 2016; Vazquez et al., 2003).  

Sequestration of carbon in soils is determined primarily by the balance between carbon input of 

litter fall, root turnover rates and decomposition by heterotrophic respiration.  The residence time 

of carbon in the soil can vary from a few days to years (von Lützow et al., 2006). Earlier studies 

have shown that accumulation of soil carbon is vulnerable to environmental factors such as 

substrate quality, temperature, moisture, pH, nutrient availability (Sariyildiz et.al, 2003; Freeman 

et al., 2001).  
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In light of the ecosystem contexts described so far, soils play important roles in the global 

greenhouse effect and global climate system through the flux of multiple greenhouse gases. 

Heterotrophic respiration mediated by saprophytic organisms emits carbon dioxide (Basiliko et 

al., 2009 ; Laiho, 2006). Forest soils are small sources of N2O and that nitrous oxide can be 

produced as an intermediate of aerobic autotrophic oxidation of N (nitrification) and when 

anaerobic reduction of nitrate is involved, can emit, and occasionally consume nitrous oxide 

(denitrification). Emission or consumption of N2O flux rates are strongly controlled by soil 

moisture content (that regulates oxygen availability), nutrient availability, temperature, gas 

diffusivity and pH (Chapius-Lardy et al., 2007). Further, uplands soils are also typically slight 

sinks for methane through the activity of high affinity aerobic methane oxidizing bacteria 

(methanotrophy) that convert methane to carbon-dioxide and water. Methanotrophs are generally 

mesophilic microorganisms that prefer neutral pH range and soil moisture content, oxygen and 

nutrient availability are important factors that regulate methane consumption rates (LeMer and 

Roger 2001).  

 

 Land degradation through industrial processes such as mining and smelting can have significant 

effects on carbon storage and emissions from terrestrial ecosystem. For example, since the late 

1800’s, extensive logging, mining, smelting activities (ground level fumigations from open roast 

beds and later from smelters) in Sudbury Ontario released large concentrations of sulfur-dioxide 

emissions and metal particulates (metals such as Ni, Cu, Fe, Co) in the atmosphere. This led to 

severe acidification and metal contamination and damage to surrounding vegetation resulting in 

80,000 ha of barren and semi-barren areas across the landscape. High wind and soil erosion rates 

particularly at these barren steep hillslopes further contributed to loss of soil cover (humus and 

upper mineral layers) and leaching of soil nutrients (SARA group, 2009). In early 1970’s, 

massive reduction and mitigation of atmospheric pollution began. The Copper cliff smelter 

started operating the 381m tall smokestack to reduce local sulfur deposition and metal 

contamination and this led to significant improvements in air quality in the Sudbury region 

(Freedman and Hutchinson 1980). These reductions allowed some degree of ecological recovery 

and this recovery was further enhanced by restoration efforts, which commenced in 1978 by 

dispersal of dolomite limestone (Ca and Mg), fertilizing (6 N-24P-24 K) and replanting of native 

coniferous tree species such as Jack Pine (Pinus banksiana) and Red Pine (Pinus resinosa) 
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(Sherman and Beckett, 2003; Winterhalder, (1996, 1985 (a,b)). Since 1978,  sulphur-dioxide 

emissions have reduced to more than 95% and  3,478 ha of land has been limed, fertilized (3,252 

ha,) and more than 10, 214,559 trees have been planted in the Sudbury area (City of Greater 

Sudbury, 2018).  

A study of the effects of reclamation on organic matter decomposition in soil at locations like 

Sudbury can provide important insight on the functioning and sustainability of damaged and 

reclaimed ecosystems (Bridgham et al., 2013). Traditionally litter bags consisting of   mesh bags 

filled with plant litter were used to measure decomposition rates over a specific period of time 

(Moore and Basiliko 2006; Winterboum, 1978). Instead in the present study I used a relatively 

new Tea Bag index method (Keuskamp et al., 2013) to assess litter decomposition using 

standardized substrate in both reclaimed and untreated barren sites in Sudbury. The Tea Bag 

Index is unique as it allows researcher s to calculate an early stage decomposition rate index 

from labile and recalcitrant compounds at a much shorter and a single incubation period (3 

months) and allows measurement of the Stabilization factor (S) which accounts for the amount of 

undecomposed residual labile material, which has a potential for sequestration. In this way TBI 

can also provide decomposition data that is comparable across different biomes (Cotrufo et al., 

2013; Keuskamp et al., 2013).  

Soil respiration (CO2 efflux) and methane and nitrous oxide fluxes were also measured to assess 

effects of land reclamation with regard to more global concerns of greenhouse gas fluxes from 

degraded and reclaimed areas (Reichstein and Beer, 2008).   

The objectives of this thesis study were to examine the effect of Sudbury’s early restoration 

practices on decomposition and soil carbon efflux rates and interrelated CH4 and N2O fluxes 

using adjacent reclaimed and barren areas, along a steep hillslope in close proximity to the 

Copper Cliff smelter. The reclaimed area was limed, fertilized, tree planted in 1982 (37 years 

earlier) while the barren area was left untreated except for benefitting from massive (>95%) 

reductions in SO2 and metal particulate emission in recent decades (Spiers, personal 

communication, 2019). Two main questions were addressed in my study: 

(1) How does land reclamation affect organic matter decomposition and CO2, CH4 and N2O 

fluxes in a smelter impacted landscape, particularly at  challenging hillslope sites? 
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 (2) What are the environmental controls (temperature, moisture and topography) of organic 

matter decomposition, carbon-dioxide and methane and nitrous oxide fluxes?   

 

I predicted that reclaimed area would have higher litter decomposition and soil respiration rates, 

methane and nitrous oxide fluxes and that carbon turnover rates will increase with higher 

seasonal temperatures and moisture. Lastly, I predicted that features of the topography of the site 

will have a significant influence on carbon turnover rates. 
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2.0 Methodology 

 

The study site: 

The study was conducted at a north facing hillslope in the Kelly lake watershed located 3.4 kms 

from the Copper cliff smelter in Sudbury (Figure 2.1). Ambient temperature in this region varies 

from average - 15.9 °C in January to 20.3 °C in July, with an average precipitation of 903.3mm 

and approximately 4 months of snow cover in winter months. (Environment Canada, 2019). Two 

parallel transects rising approximately 30 m from the lake shore were established along an abrupt 

edge of reclaimed and still barren areas in the Kelly lake catchment for this study (Figure 2.1, 

2.2). The reclaimed forested site was limed, fertilized  and tree planted in 1982 while the barren 

was left un-treated, and like the reclaimed area the barren area was only exposed to regional 

changes such as the climate and reduced sulphur and metal deposition ( >95%) that has occurred 

in recent decades (Spiers, personal communication, 2019). There was very little soil 

development across both sites in recent decades. At the reclaimed area, the organic horizon, 

ranged from 1 to > 10 cm depth, whereas at barren area the organic horizon ranged from 1 to 3 

cm soil depth. The depth of mineral horizon ranged from 3 to >10 cm depth at reclaimed area 

and 2 to >10 cm at barren area.  The vegetation community at the reclaimed site was dominated 

by white birch (Betula papyrifera) and jack pine (Pinus banksiana), maple (Acer), red oak 

(Quercus rubra) and spruce (Picea). Barren site had a few small shrubs, grasses and stunted 

white birch trees (Betula papyrifera). 

 

Experimental design: 

Elevation or topography (the height above the sea level measured in m) is an important gradient 

used in ecology to understand the how microclimatic factors (which generally vary with 

elevation) influence key ecosystem processes (Vincent et al., 2014). In this study, the transect 

elevation gradient was measured using a hand-held GPS (GNSS I SX Blue GPS with terra4go 

collector app). Plots were selected at the same elevation level for both reclaimed and barren 

treatment sites. A total of ten plots were established at 10% rise of the elevation (i.e. approx. a 

2.6 m rise) along both barren and reclaimed transects to account for any micro-topographical 

difference moving up the slope from the lake shore.  Plots were labelled and marked by flags at 
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each site. Three replicate subsites were established at each plot, located perpendicular to transect 

and 50 cm apart.  

 

Soil respiration (CO2 flux) and CH4 flux and N2O flux:  

To measure soil respiration Rs (CO2 flux), methane flux and nitrous oxide flux, three replicate 

PVC flux collars (n=30) were installed at each plot (50 cm apart), enclosing soil depth of 8 to 10 

cm along the two transects in June of 2019 (Figure 2.1, 2.2). The flux collars were carefully 

placed and left for two weeks to stabilize in the soil before the first measurement (Figure 2.3, 

2.4). To measure CO2, CH4, N2O flux a DX-4040 Gasmet portable FTIR multi gas analyzer 

(Gasmet Technologies) was used (Figure 2.4). Prior to use each day the DX-4040 Gasmet was 

calibrated and flushed according to manufacturer’s calibration protocol. Flux ppm changes in 

headspace were measured for 5 minutes. I repeated the measurements if readings were unstable. 

Gases were measured every two weeks from early June to October 2019. To standardize 

measurements, gas fluxes were always collected in the same order and direction from lowlands 

to upland area at both treatment sites. DX-4040 Gasmet is susceptible to precipitation events, so 

measurements were only collected on days without rain or well after any heavy rain events. Soil 

samples were collected from individual PVC collar (up-to 10cm depth) from each plot at the end 

of the seasonal study on October 21st, 2019. Organic and mineral layer depth were measured 

from individual PVC collar. Soils layers were very thin, therefore organic layer and mineral layer 

from individual soil sample were not separated and we treated as a bulk soil. The soil samples 

were stored in sealed labelled plastic bags at 4 °C for further analysis of organic carbon. Loss of 

Ignition was used to determine soil organic carbon content from homogenized sub samples. 

Thereafter, sub samples were weighed, combusted for 5 hours at 650 °C and reweighted. 

 

Tea Bag Index:  

I used the standardized Tea Bag Index protocol developed by Keuskamp et al., (2013), to 

measure the decomposition process. Commercially available Lipton Green tea  [(Camellia 

sinensis) , Katowice Factory, Katowice, Poland (Lipton reference: EAN8722700055525] and 

Lipton Rooibos tea [(Aspalathus linearis) , EAN8722700188438] were used as a standard 

substrate with initial weight of both tea types ranging from 1.8 g to 2 g. (Duddigan et al., 2020; 

Keuskamp et al., 2013). Chemical composition of green tea consists of labile carbon with higher 
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cellulose content (C:N ratio (12) and high-water soluble fraction (50%). Whereas, Rooibos tea 

has recalcitrant, slow decomposing carbon compounds with higher lignin content and a C:N ratio 

(approximately 43) and consists of half as soluble carbon compounds as Green tea (Cotrufo et 

al., 2013; Petraglia et al., 2018). The tea bags are fabricated out of a nondegradable non-woven 

polypropylene bag with mesh size of 0.25mm. The initial weight was measured for each bag 

before burial at a standard 8cm depth at each site. The labelled tea bags were placed in pairs of 

Green tea, Rooibos tea and were buried 50 cm uphill from individual PVC collar at each plot (i.e. 

3 replicates of each type at each plot; n=30 for each transect).On July 2, tea bags were deployed 

for an incubation period of approximately 3 months (109 days, (Figure 2.1, 2.2)). Tea bags were 

extracted from on October 19, brought back the lab and cleaned by a brush to remove soil 

particles and plant roots. Tea bags were dried in the oven for 48 hours at 70 °C. The tea bags 

were then emptied and the final dry weight of the tea was then remeasured.  

 

Calculations of Tea Bag Index parameter: Decomposition rate index (k) and Stabilization factor 

(S): 

Decomposition of litter is measured as mass loss of substrate (litter) in time (Weider and Lang, 

1982).  

(1) Mass loss = (Mi– Mf) 

Where Mi is initial mass measured before burring the tea bags and Mf is the final oven dry mass 

loss the tea, respectively (Falconer et al., 1933). In addition to litter mass loss, I calculated Tea 

bag index parameters, stabilization factor (S) and the decomposition rate index (k). Both 

parameters were calculated using the excel program provided by TBI researchers (available from 

http://www.teatime4science.org).  

The decomposition rate (k) is defined as the change is substrate concentration (mass loss) with 

incubation time (ds/dt). It can be expressed as a first order reaction or single exponential decay 

function:  

(2) Mt = M0 e
kt 

 

where Mt is litter mass at time t, M0 is initial litter mass, and k is the rate constant of mass loss. 

The single exponential decay model was proposed by Jenny et al., (1949) and further developed 
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by Olson, (1963). The decomposition dynamics occurs in two phases. First, the relatively fast 

decomposition of labile carbon, followed by slow decomposition of recalcitrant carbon. The 

double exponential decay model assumes litter decomposition of both labile and recalcitrant 

fraction. (Weider and Lang, 1982). The double exponential decay model is expressed as: 

 

(3) Xt = ae-k
1

 t + (1 -a)-k
2

t 

In equation 3, Xt represents the fraction remaining of litter (in grams) after an incubation period 

(t in days), a is the labile decomposable fraction, (1-a) is the recalcitrant fraction and k1 and k2 

are decomposition constant for both labile and recalcitrant carbon. 

To develop a better understanding of early stage decomposition process in an ecosystem, 

Keuskamp et al., (2013) used the Double exponential decay model to develop a two-phase 

decomposition equation, coupling both Green and Rooibos tea incubated and decomposed in the 

same vicinity (Seelan et al., 2019). TB1 assumes that decomposition constant (k) of recalcitrant 

carbon in short term incubation experiment is negligible and can only be estimated for long term 

studies. The two-phase decomposition equation was expressed as: 

(4) Xt = ae-kt + (1 -a) 

 In equation 4, Xt represents the fraction remaining of litter (in grams) after an incubation period 

(t in days), kt is the decomposition rate index (in day−1), and a is the labile decomposable 

fraction, (1-a) is the recalcitrant fraction. Decomposition rate index k, represents rate at which of 

labile fraction of a plant material is broken-down. (Keuskamp et al., (2013).  

Decomposition rate index (k) is calculated by decomposition of rooibos tea and green tea allows 

estimation for decomposable fraction (a). The decomposition index (k) is estimated as: 

(5) k = - ln(( Xr – (1-ar))/ar)/t 

Where Xr is the fraction of rooibos tea (mass remaining, calculated from Mi/Mf).  ar is the 

decomposable fraction of rooibos tea and t is the incubation time expressed in days. (Petragalia 

et al., 2019; Keuskamp et al., 2013). 
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During the decomposition process, fraction of decomposable labile carbon compounds  become 

recalcitrant (Prescott, 2010). Theoretically and mathematically, the stabilization factor (S) 

represents the accumulated mass remaining of labile carbon compound in soil after 

environmental constraints inhibit and restrict the decomposition process. This residual mass in 

the soil has a potential for immobilization (Seelan et al., 2019; Keuskamp et al., 2013). The 

stabilization factor (S) equation from (Keuskamp et al., 2013) is calculated by the deviation from 

the actual decomposable fraction (a) and hydrolysable faction H of labile carbon compounds: 

(6) S = 1- ag/Hg 

In equation (6), S represents the stabilization factor, ag stands for the decomposable fraction and 

Hg represents Hydrolysable fraction of the green tea. ag is calculated by the division of the final 

weight of green tea and the initial measured weight of green tea. Hg is the sum of non-polar 

extracts, acid solubles and water solubles of green tea. For the calculation of TBI parameters, I 

used (hydrolysable fraction H; 0.842 g g-1 for Green tea; 0.552 g g-1 for Rooibos tea), measured 

by Keuskamp et al., (2013), using sequential carbon fraction technique developed by (Ryan et 

al., 1990). The Tea Bag Index methodology assumes that the stabilization of labile carbon 

compound in an ecosystem is independent of the relative composition (hydrolysable fraction), 

size and litter quality. Therefore, the stabilization factor for both substrates is assumed to be 

equivalent. The decomposable fraction of rooibos tea (ar) is calculated from the hydrolysable 

fraction of rooibos tea (Hr) and the stabilization factor (S) (Keuskamp et al., 2013): 

 

(7) ar = Hr (1-S) 

 

Temperature:  

Soil temperature was monitored hourly using Temperature data logger (Elitech Technology, 

Model: RC 5+ PDF) The data loggers were labelled and deployed on June 19th, 2019. At each 

plot, a temperature data logger was buried 8cm deep, equal to the depth of the tea bags and a 

second data logger was placed at the soil surface. Temperature data loggers were placed 25cm 

uphill from the middle PVC collar at each plot (Figure 2.3). A total of 20 data loggers were 

installed per treatment site (10 buried at sub soil surface; 10 on soil surface). The data loggers 
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were retrieved on October 19th, brought back to the lab, and the data was extracted on the Elitech 

software (http://www.elitechus.com). 

 

Moisture: 

Volumetric moisture is defined as the volume of water content per unit volume of soil (Fenchel 

et al., 2012). Volumetric moisture was measured by Field Scout TDR 150 Spectrum probe at 6 to 

8cm depth (VWC%). Moisture measurements were not consistent and were influenced by 

rainfall events. Therefore, moisture reading from the month of august were used for data 

analysis. Gravimetric moisture is defined as mass of water content per mass of dried soil (Bilskie 

et al., 2001). It is calculated as: 

 

Equation (1) Water content = (Wet weight of soil – dry weight of soil / dry weight of soil) 

 

Topographic wetness index:  

Topographic wetness index is defined as ln(a/tanβ). Where ‘a’ is the local upslope area per unit 

length and ‘tanβ’ is the local slope. TWI was developed by Beven and Kirkby, (1979). TWI is 

used to understand the effect of topography on hydrological processes (Sorensen et al., 2005). To 

calculate TWI, 2m resolution Central Ontario Orthophotography Project (COOP) 2016 Digital 

Elevation Model (DEM) Land Information Ontario (LIO) dataset was derived from: 

https://geohub.lio.gov.on.ca/datasets/1ce266ee55c44ffca2d457bc5db13b92 (Package B). 

The System for Automated Geoscientific Analyses (SAGA) in Quantum GIS (QGIS) was used 

to calculate the Topographic Wetness Index (TWI), (Figure 2.5).  
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 Figure (2.1) Map of Kelly lake watershed. Plot set up of reclaimed forested and barren 

treatment site. Plots were set up ≤ 249 m (lowland) to < 275m (upland) in elevation. Reclaimed 

plots are labelled RE and barren plots are labelled as BA. Reclaimed site was limed, fertilized, 

tree planted in 1982. Adjacent, barren site was left un-treated except for long-term trends in 

atmospheric acid and metal deposition. 
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Figure (2.2) Representative views of the two study sites (A) a general picture of reclaimed 

(limed, fertilized and tree planted area) looking down towards Kelly lake and (B) a general 

picture of un treated barren area looking up the slope from the Lake towards some relic birch 

trees. 
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Figure (2.3) Layout of plot design for each treatment site. Three PVC flux collars were installed 

50 cm apart at each plot to measure soil respiration and decomposition. Three replicates of Green 

and Rooibos tea (in pairs) were placed 50cm uphill of individual PVC flux collar, and buried at a 

depth of 8cm to measure decomposition process by simple Tea Bag Index metric. The 

temperature data loggers were buried at 8cm soil depth and placed on the surface, 25cm uphill 

from the middle PVC collar. 
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Figure (2.4) Photograph of plot RE8 showing collar arrangement and gas flux measurements 

using DX-4040X Gasmet, portable FTIR multi gas analyzer. 
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Figure (2.5) Map of Kelly lake watershed, showing distribution of Topographic wetness index 

of both barren exposed area and reclaimed forested area. TWI was calculated using System for 

Automated Geoscientific Analyses SAGA.  
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Statistical analysis: 

Two sample-t-test were used to investigate differences of the decomposition of Green tea as well 

as Rooibos tea between the barren exposed site and reclaimed tree planted site. Tea Bag Index 

parameters, decomposition rate index (k) was calculated using the double exponential equation 

and stabilization factor was calculated by the (S) equation developed by Keuskamp et al., (2013). 

Two sample-t-test was used to compare decomposition rate index (k) between the two study 

sites. Welsh-t-test was used to assess stabilization factor (S) between the two treatment sites. 

Linear regression was used to calculate slope (rate of change) in Microsoft excel software and 

the gas mass concentrations were calculated using the ideal gas law (n =PV/RT). Where Pressure 

was 1 atm, chamber volume was (1.9L), R, the ideal gas constant (R = 0.082 l atm/(K·mole) and 

T was average temperature of the treatment site for that day. Mann-Whitney-U-test (non - 

parametric test) was used to assess differences of flux rates between treatment sites to address 

the issue of unequal variances between the replicated flux measurements. The Kruskal-Wallis 

test (non-parametric) was used to evaluate CO2, CH4, N2O fluxes at different measurement time 

points between the two treatment sites. A linear model was used to assess the effect of substrate 

quality (Green and Rooibos tea) and treatment (barren and reclaimed area) on litter mass loss. 

Welsh-t-test was used to assess differences in environmental controls (SOC, temperature, 

moisture) across both study sites. Pearson’s correlation coefficient was used to explore the 

relationship between decomposition of both tea types, k, S and environmental variables. When 

data was non parametric Spearman’s correlation coefficient was used to understand the 

relationship between gas flux rates and environmental controls.  Multiple regression models were 

used to address the issue of individual covariance between measured variables and explore 

multiple environmental controls of carbon turnover rates. Study sites were analyzed 

independently to understand the environmental controls of soil respiration and decomposition. 

Normality assumptions were tested using Shapiro-Wilk test. Data were tested for homogeneity of 

variances by F test for parametric data and Fligner-Killeen test (non -parametric). 

Multicollinearity was investigated using Variance inflation factor (VIF) between measured 

variables. Statistically significant differences were assumed at (P = 0.05). All statistical analyses 

were done using R statistical software (R Core Team, 2018, 3.5.1). 
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3.0 Results 

 

Effect of land use change on decomposition of standardized substrates:  

The decomposition of Green tea (labile substrate) was significantly higher in the reclaimed area 

than in the barrens (P <0.001), while the Rooibos tea (recalcitrant substrate) exhibited much less 

and no significant differences in decomposition between treatment sites (P = 0.09). Average 

mass loss of the Green tea was 1.37 ± 0.01 (SE) gm (76.34%) at reclaimed site and 1.25 ± 0.01 

(SE) gm (70.7%) at barren site ((range: 59.9% to 83.2%), Table 3.2, Figure 3.1). Average mass 

loss of Rooibos tea was 0.69 ± 0.02 (SE) gm (35.1%) at reclaimed site and 0.64 ± 0.02 (SE) gm 

(32.6 %) at barren site, respectively (range: 22.03% to 46.2%, Figure 3.1). The decomposition 

rate index (k) was approximately 0.01 g·g-1·d-1 and not found to be significantly different 

between reclaimed and barren sites (range: 0.006 d-1 to 0.03 d-1 (P = 0.8)). Average stabilization 

factor (S) was significantly higher with an average of 0.16 ± 0.009 (SE) g·g-1 at barren site 

compared to 0.09 ± 0.006 (SE) g·g-1 at reclaimed site, respectively ((range: 0.04 to 0.2), Table 

3.2, Figure 3.2, (P <0.001)). 

 

Effect of land use change on soil respiration (CO2 flux) CH4 flux, and N2O flux:  

Averaged across all measurements, CO2 production rates at the reclaimed site were 98.84 ± 5.46 

(SE) mg m-2 h-1  and were significantly higher than at barren site  33.79 ± 2.26 (SE) mg m-2 h-1, 

respectively ((range: 21.7 mg m-2 h-1 to 120 mg m-2 h-1 ), Table 3.2, (P < 0.001)). CO2 emitted 

was highest in the months of July and August across both study sites (Table 3.2, (Figure 3.5)).  

 

CH4 flux rates and N2O flux rates were very low across all sites but slightly faster at the 

reclaimed site. Averaged across all measurements, CH4 consumption rates at  reclaimed site – 

0.0104 ± 0.00 (SE) µg m-2 h-1  were significantly greater than at barren site 0.0014 ± 0.001 (SE) 

µg m-2 h-1 , respectively ((range: – 1.10-5 µg m-2 h-1 to 0.02 µg m-2 h-1), Table 3.2, (P = <0.01)). 

CH4 exchange rates at barren site were just as likely to be positive (production) as negative 

(oxidation rates). In the month of August, CH4 oxidation rates were significantly greater at the 

reclaimed site than CH4 production rates at barren site (Figure 3.5).  

Averaged across all measurements, N2O consumption rates at the reclaimed site  -– 0.0104 ± 

0.0006 (SE) µg m-2 h-1 were not significantly different from N2O flux rates at barren site 0.0007 
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± 0.0004 (SE) µg m-2 h-1, respectively ((range: – 0.0002 µg m-2 h-1 to -0.004 µg m-2 h-1 ) ,Table 

3.2, (P =0.09)). Barren areas were as likely to consume as emit nitrous oxide. Although, in 

August, N2O consumption rates were significantly higher at reclaimed site than N2O production 

rates at barren site (Figure 3.5). Overall, CO2, CH4 and N2O flux rates generally increased during 

the months of July and August. (Figure 3.5). 

 

Soil properties and environmental controls:  

Soils were significantly cooler and more moist at the reclaimed areas as compared to barren 

areas. Across the season, average daily soil temperatures differed by about 2 °C, both at the 

surface level (18.8 °C vs 17 °C) and at the 8 cm depth (17.4 °C vs 15.5 °C). Average daily 

maximum surface soil temperatures were also more extreme in the barrens (31.9 °C compared to 

30.1 °C) compared to the less exposed tree covered reclaimed sites (highest temperatures 

spanning up to 55 to 61.2 °C, Table 3.1, Figure 3.6, (P <0.001)). Across all sites the months of 

June, July, and August were consistently warmer months in terms of soil temperatures than 

September and October (Appendix T7). Volumetric moisture % (7.98% vs 15.4 %) and 

Gravimetric moisture (g H2O g Soil-1) (0.61 g H2O g Soil-1 vs 1.10 g H2O g Soil-1) were both 

significantly higher at the reclaimed site than at barren site (Table 3.1). Soil organic matter (%) 

was also found to be significantly higher at reclaimed sites (25.3%) as compared to barren 

exposed untreated site (14.4%) (Table 3.1).  

 

Effect of substrate quality: 

Mass loss varied significantly with litter quality between the two treatments. Labile substrate of 

higher Substrate quality decomposed twice as fast in comparison to recalcitrant substrate (lower 

litter quality). Across all sites, mass lost from Green tea was (73.33%) and Rooibos tea 

(33.76%). Substrate quality and treatment accounted for 90% and 1.6% variability in 

decomposition of litter mass loss, respectively (Table 3.3, (P < 0.001)). The overwhelming 

influence of substrate quality (i.e. green tea vs red tea) in this model may have diminished the 

apparent lack of treatment effect simply because of the very narrow range of the mass 

differences by using highly standardized substrates (i.e. a very narrow continuous variable in the 

model). 
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Environmental controls of decomposition and CO2, CH4, N2O fluxes:  

Across barren site, Green tea mass loss (r = 0.6, P <0.05), Rooibos tea mass loss (r =0.6, P 

<0.05) and decomposition rate index (k) (r= 0.6, P <0.05) were significantly and negatively 

correlated with maximum surface temperature. Decomposition rate index (k) was also negatively 

correlated to sub soil temperature (8cm depth) (r =-0.6, P <0.05). CO2 efflux was weakly 

correlated to sub soil temperature (r = -0.5, p =0.09). CH4 flux was weakly and positively 

correlated to moisture (r = 0.4, P = 0.1) At the reclaimed site, however, Green tea mass loss was 

strongly and positively correlated to volumetric moisture (r = 0.7, P <0.01) but negatively 

correlated to topography (r = 0.9, P <0.01). Rooibos tea mass loss, stabilization factor was not 

correlated to moisture or temperature. Although, decomposition rate index (k) was weakly 

correlated with topography (r =0.5, P = 0.1). CH4 uptake was strongly and negatively correlated 

to N2O uptake (r = -0.8, P <0.01).  Significant correlations between environmental controls 

suggested the influence of multiple ecological factors on decomposition and soil respiration. At 

reclaimed site, moisture was strongly and negatively correlated to topography (r = -0.7, P = 

0.01). Across all sites, gravimetric moisture was strongly and positively correlated to soil organic 

carbon (r = 0.8, P < 0.01, Appendix, (T2, T3, T4, T5)).  

Stepwise multiple regression analysis was performed to identify environmental drivers of 

decomposition and soil respiration (CO2) and CH4 and N2O fluxes. At barren site volumetric 

moisture, topography, surface temperature were best predictors of Green tea mass loss and 

together accounting for 20% variability in decomposition of green tea (P = 0.02). Surface 

temperature, maximum surface temperature were the primary predictors of Rooibos tea mass 

loss, together explaining 20% of variance (P = 0.01). Moreover, sub soil temperature and surface 

temperature-controlled decomposition rate index (k), together accounting for 10% variation (P = 

0.06). Moisture, surface temperature and topography were the best predictors of stabilization 

factor (S) with 20% variability explained (P = 0.01). Soil temperature and moisture were the best 

predictors of CO2 production, together explaining 20% of variance (P = 0.007). Moisture was the 

best predictor of CH4 flux rate and accounting for 10% variation (P = 0.03). Although, at 

reclaimed site, topography was the primary controller of Green tea mass loss (20% of variance 

explained, P = 0.01) and a weak predictor of decomposition rate index (k) (10% variance 

explained, P = 0.06, Appendix (T6)). 
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Overall, multiple regression models suggest decomposition of Green tea (higher substrate 

quality), Rooibos tea (lower substrate quality), decomposition rate index (k) and CO2 production 

rates showed reduced temperature sensitivity at barren exposed site (Appendix T6). 

Decomposition of labile, recalcitrant substrate, soil respiration (carbon-dioxide production rates) 

and decomposition rate index (k) decreased with increasing soil temperature. Moreover, moisture 

was the predominant control of methane flux at barren site. Contrastingly, at the reclaimed tree 

planted site, temperature was not the determining environmental control of decomposition and 

CO2, CH4, N2O fluxes. Interestingly, across all sites, decomposition of labile substrate showed a 

consistent pattern of increased sensitivity to microclimatic factors. Lastly, topography (elevation) 

was a poor predictor of decomposition and CO2 and CH4, N2O fluxes across both treatments. 
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Figure (3.1) Differences of (A) Green tea mass loss (gm), (B) Rooibos tea mass loss (gm),  

(C) Green tea decomposition rate (g/day-1), (D) Rooibos tea decomposition rate (g/day-1), (E) 

Green tea decomposition (%), (F) Rooibos tea decomposition (%) detected using t-test in barren 

exposed site and reclaimed tree planted site. Values are mean and standard error. * P < 0.05. **P 

< 0.01. ***P<0.001 
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Figure (3.2) Comparison of (A) Decomposition rate index (k) g·g-1·d-1, (B) Stabilization factor 

(S) g·g-1·day-1, of barren exposed site (n= 29) and reclaimed tree planted site (n =25). Values are 

mean and standard error. *P < 0.05. ** P < 0.01. ***P<0.001 

 

 

Figure (3.3) Comparison of (A) Decomposition rate index (k) g·g-1·d-1, (B) Stabilization factor 

(S) g·g-1·day-1 , of barren exposed site (n= 29) and reclaimed tree planted site (n =25) compared 

to a undisturbed Riparian woodland forest Massawippi, Quebec, Canada (n =39)) (Laurent et al., 

2019). Values are mean and standard deviations.  
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Figure (3.4) The mean decomposition rate index (k) and stabilization factor (S) for barren and 

reclaimed site compared to data obtained from Keuskamp et al., (2013) and Laurent et al., 

(2020). Labels indicate different ecosystems (Natural undisturbed forest and a Desert). AU Birch 

forest (Austria, n =10 ), CA, Sudbury Barren site (Canada, Sudbury , n = 29), CA, Sudbury 

Reclaimed site (Canada, Sudbury , n = 26), CN Desert sandy soil (China, n= 5), NL 

(Netherlands, n =4), NL, Riparian Forest ( Quebec, St. Lawrence river watershed, n = 39). 
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Figure (3.5) Soil respiration (CO2 flux (mg m-2 h-1)), CH4 flux (µg m-2 h-1), N2O flux (µg m-2 h-

1)) across all sites (barren exposed site and reclaimed tree planted site) and gas flux 

measurements (n = 6). Values are means and standard errors and positive values indicate effluxes 

and negative values represent consumption rates. Significant differences are shown by *P < 0.05. 

** P < 0.01. ***<P 0.001 
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Figure (3.6) Patterns of mean daily, sub soil temperature °C (8cm depth), surface soil 

temperature °C and maximum surface temperature °C in barren and reclaimed treatment sites. 
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Table (3.1) Summary of mean (SE) values of soil properties SOC (%), Gravimetric moisture  

(g H2O g Soil-1), Volumetric moisture %, Sub soil temperature °C, Surface temperature °C, Maximum 

Surface temperature °C at barren and reclaimed areas. 

Treatment 
site 

SOC Gravimetric 
Moisture 

Volumetric 
Moisture 

Soil 
temperature 

Surface 
temperature 

Maximum 
surface 

temperature 

Site/P <0.01 <0.01 0.01 <0.001 <0.001 <0.001 

Barren 14.47(1.67) 0.61 (0.08) 7.98(0.94) 17.41 0.13) 18.6(0.19) 31.9 (0.35) 

Reclaimed 25.33(3.31) 1.10 (0.13) 15.4 (1.36) 15.52 (0.11) 16.99(0.16) 30.1 (0.35) 

Significant relationships of soil properties between treatments are in bold (P <0.05).  
*P < 0.05. ** P < 0.01. ***<P 0.001 

 

Table (3.2) Summary statistics for differences detected by a t-test between the barren and reclaimed 
areas. Mass loss of Green tea (gm), Mass loss of Rooibos tea (gm), Green tea mass loss %, Rooibos tea 
mass loss %, Decomposition rate of Green tea (g day-1), Decomposition rate of Rooibos tea (g day-

1),Decomposition rate index (k)  (g·g-1·day-1), Stabilization factor (S) – TBI (g g-1 ), CO2 (mg m-2 h-1)flux , 
CH4 (µg m-2 h-1 )  flux and N2O (µg m-2 h-1) flux . Positive values indicate gas efflux rates and negative 
values represent consumption rates. 
 

 Variables Barren site 
 Mean (SE)  

Reclaimed site 
Mean (SE)  

P value 

Green tea mass loss 1.25 (0.01) 1.37 (0.01) <0.001 

Rooibos tea mass loss 0.64 (0.02) 0.69 (0.02) 0.09 

Green tea mass loss % 70.72(0.79) 76.34 (0.57) <0.001 

Rooibos tea mass loss % 32.60 (1.003) 35.10 (1.04) 0.08 

Decomposition rate Green tea 0.01 (0.001) 0.012 (0.0001) <0.001 

Decomposition rate Rooibos tea 0.005 (0.0001) 0.006 (0.0001) 0.09 

Stabilization factor (S)  0.16 (0.009) 0.09 (0.006) <0.001 

Decomposition index (k) 0.013 (0.001) 0.012 (0.001) 0.8 

CO2 efflux rates  33.79 (2.26) 98.84 (5.46) <0.001 

CH4  flux rates 0.0014 (0.001) - 0.0104 (0.00) <0.01 

N2O flux rates -0.00073(0.000452) -0.01048(0.000608) 0.09 

Significant differences (P < 0.05) are in bold. *P < 0.05. ** P < 0.01. ***<P 0.001 
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Table (3.3) Linear Model to assess the effect of substrate quality (Green and Rooibos tea) and Land 
reclamation on substrate mass loss across Sudbury’s landscape (barren and reclaimed 
areas) 

 Coefficient Standard 
error 

t 
value

F 
value

% Variation R2 P value 

Substrate 
Quality 

-0.6 0.1 -33.6 577.3 90  
0.9 

 
<0.001 

 
Treatment 0.08 0.1 4.5 1.6 

 Significant differences (P < 0.05) are in bold. *P < 0.05. ** P < 0.01. ***<P 0.001 
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4.0 Discussion: 

Soils sustain above ground and below ground life, by providing key ecosystem services such as 

supporting soil biodiversity, driving mineral cycling processes and nurturing plant growth. The 

findings from my study were consistent with results of previous studies (Narendrula, 2017; 

Nkongolo et al., 2016; Goupil et al., 2014), that suggest that reclamation efforts by liming, 

fertilization and tree planting does increase soil health, but recovery of soil biota and soil 

functioning is still very slow across Sudbury’s landscape.  

 

Effect of land reclamation on standardized substrate decomposition: 

I found evidence that liming and tree planting measurably influenced carbon turnover rates. 

Decomposition of labile substrate was higher at limed and tree planted areas. Soil amendment 

slightly increased decomposition of recalcitrant substrate, although mass loss rates did not differ 

significantly between treatments. This supports past studies that suggest that decomposition is 

impacted at barren areas, primarily due to low pH, metal toxicity inhibiting microbial growth, 

nutrient limitation, and the effect of climatic constraints (Nkongolo et al., 2016; Gratton et al., 

2002). Moreover, our results are consistent with a previous litter bag studies (Freedman et al., 

1980; Hutchinson et al., 1996; Johnson et al., 2004), that confirmed retarded litter decomposition 

in heavily contaminated barren soils, compared to dense forested areas, across Sudbury’s 

landscape.  

Fungi and invertebrate communities are primary decomposers of recalcitrant carbon compounds 

in the soil (Lavelle et al., 1997; Trojanowski et al., 1984). A recent study Duddigan et al., (2020) 

investigating Tea bag index, indicated that nitrogen availability in soils, affects decomposition of 

Rooibos tea (C: N = 42.8). Furthermore, studies by Narendrula-Kotha et al., (2017, a, b,c) 

conducted at the same site as my current study, reported very low fungi to bacteria ratios, 

associated with high levels of Cu in the soil. In addition, the authors showed that microbial 

biomass and enzymatic activities were significantly lower in eroded barren areas than at limed, 

tree planted areas, again suggesting that metal toxicity and nutrient limitation in soil were 

constraining recovery and development of oligotrophic and invertebrate communities (Fierer et 

al., 2007; Lavelle et al., 1997). These characteristics of degraded sites appear to affect 

breakdown of recalcitrant compounds across all sites.  
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Effect of land reclamation on Tea Bag Index parameters:  

In the present study, early stage decomposition rate index (k) did not improve with the original 

Sudbury soil reclamation treatment (at least not 37 years later) with no significant difference 

between treatment areas.  If my results were to be compared to the study by Laurent et al., 

(2019), the decomposition rate index (k) measured at a natural boreal riparian woodland were 

twice as great as those at reclaimed areas in Sudbury (Figure 3.3). Comparing the decomposition 

rates obtained from the present study to those from studies across the globe (Laurent et al., 2019; 

Keuskamp et al., 2013) showed our values are among the lowest range of decomposition rates 

observed in the various studied ecosystems (Figure 3.4). This suggest that heterotrophic 

communities in Sudbury soil, whether reclaimed or barren, are under still under severe 

environmental stress and that natural recovery of decomposition process is limited. It thus 

appears that rebuilding of the soil structure and fertility through continued monitoring and 

restoration efforts in needed to enhance nutrient availability, reduce toxicity and restore soil biota 

across Sudbury’s landscape.  

 

Stabilization factor (S) or the amount of residual material or accumulated carbon was higher at 

barren areas than reclaimed but still lower at both treatment sites compared to a natural riparian 

watershed in Quebec (Laurent et al., 2019). Stabilization factor (S) represents the inhibitory 

effect of environmental constraints on decomposition, resulting in accumulation of residual mass 

in the soil with a potential for stabilization (Keuskamp et al., 2013; Duddingan et al., 2020).  Our 

results support studies (Elumeeva et al., 2018; MacDonald et al., 2018; Keuskamp et al., 2013), 

that suggest retarded decomposition due to low microbial activity, microclimatic constraints and 

nutrient limitation could be contribution to the measured Stabilization factor (S). 

 

The present study is a first attempt at assessing the impact of land reclamation by investigating 

carbon turnover rates using a simple Tea Bag Index metric in a smelter impacted landscape. 

Based on the findings, it is evident that Tea Bag Index is an effective tool for assessing recovery 

of heterotrophic activity in metal contaminated soils. Although, careful interpretation is required 

before firm conclusions are drawn. 
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Effect of land reclamation on soil respiration (CO2 flux) and CH4 flux and N2O flux: 

Soil respiration represents combined biological activity of rhizosphere and heterotrophic 

respiration (Goupil et al., 2014). This activity depends on litter input by above ground biomass 

and photosynthates by roots (Kibblewhite et al., 2008). The results from my study are consistent 

with previous literature (Narendrula, 2017; Goupil et al., 2014) that suggest that liming and tree 

planting enhances CO2 production rates in Sudbury. We found at reclaimed area that CO2 

emission rates were 2.9 times greater than those at barrens. This difference is presumably due to 

higher pH, autotrophic root respiration and heterotrophic activity and low metal toxicity at 

reclaimed areas (Narendrula, 2017). However, my findings still showed that CO2 production 

rates at reclaimed areas were still 2.4 times lower than those at a Canadian plantation forest 

(Basiliko et al., 2009) suggesting that microbial activity and root respiration is still very reduced 

in our reclaimed sites.  

 

 In the present study, methane and nitrous oxide flux rates were also very low across all sites. 

One possible explanation for this could be rapid immobilization of the small amounts of 

available nutrients by microbes and plants (Nkongolo et al., 2017, 2016). The slightly higher 

CH4 consumption rates I detected at reclaimed site can be attributed to methanotrophic activity 

throughout the season (Schnell et al., 1994). Methanotrophs are aerobic microorganisms that are 

found at the interface of organic horizon and mineral horizon (Adamsen and king, 1993) and 

their growth is limited by substrate availability (methane, methanol, methylated amines, formate 

and formamide) and affected by oxygen availability, moisture, temperature, pH of the soil 

(Billings et al., 2000; Benstead et al., 1997; King et al., 1992). Previous studies have reported 

that methane uptake rates decline with increasing moisture and decreasing methane and oxygen 

diffusivity in well drained forest soils (Bowden et al., 1998; Castro et al., 1994). The seasonal 

variation of methane uptake rates that I detected does suggest methanotrophs are active in barren 

areas. However, the methane production rates may enhance if soil pores remained saturated for 

prolonged periods of time, although this seems unlikely given the nature of the site and the low 

moisture contents measured at the barrens (Kallistova et al., 2017; Thauer et al., 2008; Yavitt et 

al. 1995). Interestingly Peichle et al. (2010) also occasionally observed net soil-level CH4 

emissions in a dry pine forest. When compared to the study by Basiliko et al., (2009), my 
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reclaimed soils had approximately, 3*103 times lower methane consumption rates than those at a 

Canadian plantation forest.  

Globally natural forest soils are small sources of nitrous oxide (IPCC, 2001). N2O flux can be 

emitted during aerobic nitrification and facultative anaerobic denitrification (Bremner, 1997; 

Poth, 1986). However past literature suggest that soils can also consume N2O during processes 

such as denitrification (anerobic), heterotrophic nitrification (aerobic denitrification) and nitrifier 

denitrification (ammonia oxidation) (Rosenkranz et al. 2006; Chapius-Lardy and others 2007; 

Philatie et al., 2007; Wrage et al., 2001; Conrad 1996; Robertson et al., 1989). A study by 

Kydyer and Cho (1983) showed that nitrification is mostly confined to aerobic zone of the soil 

whereas denitrification occurs in deeper, anerobic, waterlogged areas and that the conditions 

favoring these processes  are primarily driven by  soil moisture content (oxygen availability), soil 

temperature, soil pH and soil C/N ratios which directly influence microbial activity and growth 

(Philatie et al., 2007). Additionally, N2O emission usually occur in well aerated forest soils with 

low soil C/N ratios (high nutrient availability) and that increasing temperatures may increase 

nitrous oxide production rates in soils (Klemedtsson et al., 2005). In contrast net N2O 

consumption may arise in dry or wet conditions in soils with usually higher C/N ratios (Frasier et 

al., 2010; Chapius-Lardy and others 2007; Rosenkranz et al., 2006). Most researchers suggest 

aerobic denitrification is responsible for N2O uptake rates observed in dry soils due to relatively 

high oxygen availability (Bateman et al., 2005; Chapius-Lardy and others 2007). Generally, 

bacteria are known to be responsible for nitrous oxide consumption, however recent studies have 

shown that fungi are also capable of N2O uptake (Shoun et al., 1992). Previous studies have 

reported that boreal forest, temperate mixed forest and Mediterranean pine forest were weak 

sinks for nitrous oxide due to nitrogen limitation in soils (Frasier et al., 2010; Philatie et al., 

2007; Rosenkranz et al. 2006). Interestingly, measurements at barren area showed soils 

consumed nitrous oxide throughout the season with the only exception of N2O production rates 

in August, demonstrating that seasonal changes influence microbial activity. In the present study 

nitrous oxide uptake rates were again markedly lower (5 times) than those measured at maritime 

and sub-boreal plantation forests by Basiliko et al., (2009). suggesting both areas are affected by 

nutrient limitation in the soil, low moisture content and low microbial biomass (Klemedtsson et 

al., 2005; Price et al., 2004, Khalil et al., 2002). 
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Substrate quality, a primary driver of decomposition: 

My results were consistent with those of Cornwell et al., (2008), who suggested that litter quality 

(substrate quality) had a major influence on decomposition. I was able to show that Green tea 

(labile substrate) representative of higher litter quality decomposed twice as fast as the Rooibos 

tea (recalcitrant substrate of lower litter quality) a finding in agreement with previous studies 

using these TBI standardized substrates (Houben et. al., 2018; Petraglia and others 2019). The 

difference in decomposition, is likely due differences in the physical and chemical composition 

of the two teas. For example, Green tea leaves are more fragile, more vulnerable to breakdown 

and leaching, compared to the coarse needle like Rooibos tea (Liu, et al., 2005; Keuskamp et. al., 

2013). A large number of microbes can metabolize the labile carbon compounds, in comparison 

to a narrow range of microorganisms that can break down the recalcitrant carbon compounds 

(McGuire et. al., 2019). Keuskamp et al., (2013) reported that Green tea (labile substrate) 

consists of low C/N ratio and higher water-soluble fraction, while Rooibos tea (recalcitrant 

substrate) presents a higher C/N and C/P ratio, as well as lower water-soluble fraction and 

nutrient concentrations. The study by Heim et al., (2004) showed substrates with higher C/N 

ratios indeed had slower decomposition. Moreover, Djukic et al., (2018) was able to use a 

comparative approach by Tea Bag Index method to show that litter quality is the predominant 

environmental control on decomposition process across various ecosystems. My linear 

regression model supported this finding by showing substrate quality explained 90% of variation 

in mass loss rates while treatment (land reclamation) only accounted for only an addition 1.6% of 

the variation in mass loss rates.  

 

Influence of microclimatic factors: 

In accordance with previous literature, (Fanin et al., 2019; Petraglia et al., 2018; Liu et al., 2005) 

I found that decomposition of Green tea was more sensitive to microclimatic factors than 

Rooibos tea, across all sites. This is likely due it’s the physical and molecular complexity. As 

labile substrate (Green tea) are easily decomposable due to its fragility and chemical composition 

of lower C/N ratio and high hydrolysable fraction as compared to recalcitrant carbon. Moreover, 

it is probable, that leaching of soluble compounds resulted in higher labile substrate mass loss 

(Fanin et al., 2019; Keuskamp et al., 2013). For example, a recent study by Fanin et al., (2019) 

revealed that climatic factors (moisture, temperature) were the primary controllers of Green tea 
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decomposition, whereas edaphic factors (tree species richness, soil texture) primarily 

determined, Rooibos tea decomposition.  

 

Soils in the reclaimed areas (with a dense tree cover) were significantly cooler and moister than 

soils in the barren areas. I found that decomposition of both labile (Green tea) , recalcitrant 

substrates (Rooibos tea) and CO2 production rates declined with increasing temperatures at the 

barren areas a finding consistent with other research findings that have shown that  sustained 

warming, desiccation stress and limited quality or quantity of substrates (Cable et al., 2011; 

Gershenson et al., 2009; Chen et al., 2005; Schimel et al; 1994) resulted in reduced microbial 

activity, denaturation of microbial enzymes or shift in microbial community composition (Liu et 

al., 2018; Cable et al., 2011; Balsar and Wixon, 2009; Pietikåinen et al., 2005; Luo et al., 2001; 

Saleska et. al; 1999; Rustard et al., 1998; Zogg et al., 1997; Peterjohn et al., 1994). Previous 

studies have suggested that the optimal temperatures for microbial activity in boreal soils are 

between 25 to 30 °C (Cable et al., 2011; Pietikåinen et al., 2005; Petterson et al., 2003, Bååth et 

al., 2001). In my study I found daily maximum temperatures were high in both the reclaimed and 

the barren area soils observed across the season. The average daily maximum surface 

temperature ranged from 31.9 °C at barrens and 30.1 °C at reclaimed areas (with highest 

temperatures spanning up to 55 to 61.2 °C). Daily maximum surface temperatures were greater 

than the suggested optimal of 30 °C for 68 days in barren areas and 65 days in reclaimed areas.  

These differences in temperature between barren and reclaimed area soils may appear small, but 

Allison et al., (2008) reported that sustained artificial warming of even 0.5 C significantly 

decreased microbial abundance and soil respiration rates in a natural boreal forest. However, in 

my study measured temperature did not prove to have a significant influence on decomposition 

and soil respiration for my reclaimed sites. This suggests that substrate availability, moisture, and 

perhaps root respiration are more likely the dominant factors affecting carbon turnover rates. Li 

et al., (2017) also concluded that soil temperature sensitivity is primarily controlled and masked 

by availability of labile substrate.  
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Moisture is known to be a primary controller of methane fluxes in soils (Born et al., 1990) and I 

found a positive correlation between methane fluxes (consumption and production rates) and 

moisture at barren areas. Although, reclaimed areas had significantly higher moisture levels than 

barren areas, yet no statistically significant relationship was found between moisture and 

methane uptake at these forested areas within the scope of my study. A study by Striegl et 

al.,(1992) showed a positive relationship between soil moisture content and CH4 consumption 

rates in desert soils. However, many other studies have shown methane consumption rates tend 

to increase with declining moisture and are strongly regulated by CH4 and oxygen diffusivity in 

forest soils (Billings et al., 2000; Benstead et al., 1997; Conrad et al., 1996; Castro et al. 1995; 

Koschorreck and Conrad 1993; King et al., 1992). Additionally, a study by Bender and Conrad 

(1995) showed that CH4 consumption rates are controlled by nitrogen availability, pH, soil 

texture and soil aggregate size in addition to moisture. 

 

Influence of topography: 

I went into this study expecting that landscape topography might have a significant effect on 

decomposition and CO2, N2O and CH4 fluxes because of literature evidence of the role of 

topography on climatic factors, edaphic factors, plant community composition (Gerdol et al., 

2016). However, topography proved to be a poor predictor of decomposition rates, soil 

respiration and carbon sequestration across the scale of topography I included in the design. My 

sites were situated on a rocky steep slope covering only a small range of elevation (30 m) and a 

seasonal mean sub soil temperature differences of only 1 °C to 2 °C. Recent study by Preston et 

al., (2020) conducted in Sudbury, reported that soil organic carbon was  influenced by 

topography, presumably through enhanced erosion on steeper slopes, while Becker et al., (2018) 

investigated decomposition by TBI method over a board elevation gradient in natural montane 

ecosystems showed that decomposition rate index (k) and stabilization factor (S) were strongly 

affected by climatic factors. My transects were by contrast not extensive enough to be able to 

detect such variability. 
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Conclusion: 

My study demonstrated that the Sudbury’s land reclamation techniques of liming, fertilization 

and tree planting does influence key ecosystem processes of litter decomposition and soil 

respiration.  I found that land reclamation increased decomposition of labile substrate, CO2 

production rates and CH4 consumption rates of soil.  However, even 37 years after the 

reclamation treatment and massive associated improvements in air quality (95% reductions in 

Sulphur and metal deposition), the decomposition of recalcitrant substrates is extremely slow 

with no significant difference between forested and barren sites. Moreover, decomposition rate 

index (k) and soil respiration (CO2) and CH4 and N2O fluxes were also very low relative to other 

less disturbed ecosystems. My findings suggest that both the treated and untreated soils are 

nutrient limited and heterotrophic communities are still highly stressed. I found that substrate 

quality was the key factor influencing decomposition. At barren areas decomposition of labile, 

recalcitrant organic substrates and CO2 flux rates from soils decreased with increasing 

temperatures at these exposed sites. This suggests that barren areas were substrate limited, 

presumably due to negligible fresh litter input and that microbial communities are stressed by the 

dry and warm conditions. In contrast at the reclaimed area, temperature was not correlated to 

carbon turnover rates, suggesting that the primary factors affecting decomposition and soil 

respiration were of substrate availability and moisture as well as root respiration associated with 

the reestablished plant communities. Lastly, topography had little or no effect on carbon turnover 

rates across both study sites. The important take home message is that even 37 years after the 

reclamation treatment, Sudbury soils are still under severe environmental stress and that 

evidence of natural recovery of healthy soil functioning is promising but meagre.  
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Future Studies: 

Land reclamation is critical for maintaining ecosystem services, increase recolonization of 

biodiversity and mitigate climate change. Therefore, it is important to understand the recovery 

trajectory of disturbed landscapes and further invest in rebuilding of soil fertility and key 

ecosystem processes such as organic matter decomposition and soil respiration (Cooke et al., 

2002; Harris et al., 2006).My results show that the standardized Tea bag index methodology is a 

useful method to assess recovery of early stage decomposition process in metal contaminated 

soils. Previous studies have shown tea bags incubated in soil are decomposed by microbes as 

well as invertebrates (Keuskamp et al., 2013, Lavelle et al., 1997). To primarily measure 

microbial decomposition, I suggest protecting the tea bags from predation by invertebrates by 

using termite exclusion method, recently developed by Teo et al., (2020). Moreover, to, better 

understand long term decomposition dynamics I suggest future studies to use native litter 

(coniferous and deciduous litter) from Sudbury to understand decomposition rates of both labile 

and recalcitrant fraction using the double exponential model developed by Bunnel and Tait 

(1974). I would also recommend measuring and comparing decomposition rates from reclaimed 

forest in Sudbury to a control site (a natural undisturbed boreal forest with podzol sandy soils in 

close proximity to Sudbury and within Great lakes St. Lawrence forest region). 

 

Soil respiration can vary widely both temporally and spatially (Brooks and Farquhar et al., 1985) 

and that future studies to be directed towards examining greenhouse gas fluxes from soil by 

partitioning root respiration and heterotrophic respiration measurements to understand the role of 

heterotrophs and root exudates on plant growth, nutrient cycling and carbon stocks. I would also 

suggest, measuring decomposition rates and gas flux rates from varied soil horizons and across 

different seasons. I would suggest measuring additional parameters such as pH of the soil and 

litter, nutrient analysis (soil and litter (C/N, C/P, N/P ratios) and soil inorganic nitrogen, total 

nitrogen), microbial biomass, root biomass, bioavailable metals, vegetation species richness, 

bulk density of soil. The effect of climate warming on changes on vegetation and carbon stocks 

in metal impacted landscapes will of course be important studies to conduct. Lastly, I 

recommend continued monitoring of carbon turnover rates every 5 years as well as using the 

present study site as a chronosequence site due to its unique site characteristics. 
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APPENDIX 

SUPPLEMENTARY TABLES AND FIGURES 

 

 

Figure (1) Differences of soil temperature °C  at 8 cm depth, surface soil temperature °C  and maximum 
surface temperature °C   detected by t-test between barren exposed site (n =10) and reclaimed tree planted 
site (n =10). Values are mean and standard error. * P < 0.05. ** P < 0.01. ***P<0.001 
 

 

Figure (2) Difference of volumetric moisture (%)  detected by t test between barren site (n = 30) and 
reclaimed tree planted site (n= 30). Values are mean and standard error. * P < 0:05. *** P < 0.01 
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Figure (3) Difference of soil organic carbon (%)  detected by t test between barren exposed site (n=30) 
and reclaimed tree planted site (n=30). Values are mean and standard error. *P < 0:05. *** P < 0.01.  
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Table (A1) Summary of mean (SE) values of CO2 efflux (mg m-2 h-1), CH4 flux (µg m-2 h-1 ), N2O flux 
(µg m-2 h-1) at measurement days at barren and reclaimed treatment site.(n=30) each day. Positive values 
indicate gas efflux rates and negative values represent consumption rates. 
 

Treatment (Site) Date CO2 CH4 N2O 

Barren 19 June 2019 37.332 (3.887) 0.001 (0.003) -0.001 (0.001) 

Barren 11 July 2019 55.449 (6.433) 0.005 (0.003) -0.001 (0.001) 

Barren 24 July 2019 35.427 (4.185) 0.003 (0.002) -0.002 (0.001) 

Barren 7 August 2019 18.190 (4.938) -0.001 (0.004) 0.001 (0.001) 

Barren 21 August 2019 37.922 (7.121) 0.004 (0.005) -0.002 (0.001) 

Barren 2 October 2019 19.549 (3.600) -0.002 (0.002) 0.000 (0.001) 

Reclaimed 20 June 2019 64.737 (11.127) -0.002 (0.002) -0.003 (0.001) 

Reclaimed 10 July 2019 100.358 (13.955) -0.006 (0.005) 0.000 (0.001) 

Reclaimed 25 July 2019 118.737 (10.614) -0.026 (0.00) 0.000 (0.002) 

Reclaimed 9 August 2019 111.090 (11.446) -0.005 (0.003) -0.003 (0.001) 

Reclaimed 22 August 2019 118.837 (16.503) -0.012 (0.004) 0.000 (0.001) 

Reclaimed 9 October 2019 77.342 (13.982) -0.010 (0.003) -0.002 (0.001) 
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Table (A2) Pearson correlation coefficients of Tea Bag Index parameters and soil properties across 
Reclaimed area in Sudbury. Mass loss of Green tea (gm), Mass loss of Green tea (gm), Rooibos tea mass 
loss %, Decomposition rate index (k) (g·g-1·day-1), stabilization factor (S)(g g-1 ), Topography (m) 
Volumetric moisture %, Soil temperature °C , Surface temperature °C , Maximum Surface temperature 
°C .Gravimetric moisture (g H2O g Soil-1), SOC (%).Significant relationships (P < 0.05) are bold. * P < 
0.05. ** P < 0.01. *** P < 0.001 

 

 Table (A3) Spearman correlation coefficients of Soil respiration and soil properties across Reclaimed 
area in Sudbury. CO2 (mg m-2 h-1), CH4 (µg m-2 h-1 ), N2O (µg m-2 h-1), Topography (m) Volumetric 
moisture %, Soil temperature °C , Surface temperature °C, Maximum Surface temperature °C , 
Gravimetric moisture (g H2O g Soil-1), SOC (%). Significant relationships (P < 0.05) are bold. * P < 0.05. 
** P < 0.01. *** P < 0.001 
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Table (A4) Pearson correlation coefficients of Tea Bag Index parameters and soil properties across 
Barren area in Sudbury. Mass loss of Green tea (gm), Mass loss of Green tea (gm), Rooibos tea mass loss 
%,, Decomposition rate index (k) (g·g-1·day-1), stabilization factor (S)  (g g-1 ), Topography (m) 
Volumetric moisture %, Soil temperature °C , Surface temperature °C , Maximum Surface temperature 
°C .Gravimetric moisture (g H2O g Soil-1), SOC (%). Significant relationships (P < 0.05) are bold. * P < 
0.05. ** P < 0.01. *** P < 0.001 

 

Table (A5) Spearman correlation coefficients of Soil respiration and soil properties across Barren area in 
Sudbury. CO2 (mg m-2 h-1), CH4 (µg m-2 h-1 ), N2O (µg m-2 h-1), Topography (m) Volumetric moisture %, 
Soil temperature °C , Surface temperature °C , Maximum Surface temperature °C , Gravimetric moisture 
(g H2O g Soil-1), SOC (%).  Significant relationships (P < 0.05) are bold. * P < 0.05. ** P < 0.01. *** P < 
0.001 
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Table (A6) Stepwise backward multiple regression analysis of individual land use treatment site (Barren 
and Reclaimed). Mass loss of Green tea (gm), Mass loss of Green tea (gm), Rooibos tea mass loss 
%,Decomposition rate index (k) (g·g-1·day-1), stabilization factor (S) (g g-1 ), CO2 (mg m-2 h-1), CH4 (µg 
m-2 h-1 ), N2O (µg m-2 h-1),  Topography (m) Volumetric moisture %, Sub soil temperature °C , Surface 
temperature °C , Maximum Surface temperature °C .Gravimetric moisture (g H2O g Soil-1), SOC 
(%).Significant relationships (P < 0.05) are bold. * P < 0.05. ** P < 0.01. *** P < 0.001 
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Table (A7) Descriptive summary of monthly Sub soil temperature °C , Surface temperature °C , Maximum 
Surface temperature °C .  

Treatment Month Subsoil 
Temperature 

Surface 
temperature 

Maximum Surface 
Temperature 

Barren June 19.58(0.30) 22.76(0.28) 38.22(0.61) 
Barren July 21.04(0.08) 24.33(0.15) 41.71(0.39) 
Barren August 19.08(0.10) 19.73(0.22) 34.15(0.49) 
Barren September 14.65(0.12) 14.87(0.18) 24.98(0.41) 
Barren October 9.12(0.24) 8.26(0.23) 14.84(0.44) 

Reclaimed June 17.78(0.38) 20.98(0.29) 37.01(0.85) 
Reclaimed July 18.40(0.09) 22.21(0.12) 40.97(0.54) 
Reclaimed August 17.21(0.08) 18.75(0.13) 34.01(0.48) 
Reclaimed September 14.33(0.09) 13.91(0.14) 22.75(0.33) 
Reclaimed October 9.16(0.17) 8.06(0.21) 13.39(0.29) 
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Table (A8) Descriptive summary of plot characteristics of the two study sites (barren site and reclaimed forested site). 
Elevation is measured in meters (above sea level). Soil temperature was measured by Elitech temperature data loggers at the 
soil surface and at 8cm depth. Maximum surface temperatures were calculated manually from individual surface data logger. 
Volumetric moisture was measured as (%Volumetric water content).  
Treatment Site Elevation(m) Latitude Longitude Soil 

Temperature 
°C  

Surface 
Temperature 

°C  

Maximum 
Surface 

Temperature 
°C  

Volumetric 
Moisture 
(%VWC) 

 
Barren BA1 249.874 46.446518 -81.05633987 17.32877395 19.26442252 52.9 2.76 

Barren BA2 252.696 46.44645 -81.05626283 18.48291115 19.26442252 52.9 12.8 

Barren BA3 255.473 46.446399 -81.0562189 17.24066488 18.63582942 49.8 5.76 

Barren BA4 258.236 46.446326 -81.05608608 16.52498321 18.45433177 55.2 6.56 

Barren BA5 261.063 46.446257 -81.05600703 17.35795836 20.66676449 55.6 3.96 
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Table (A9) Summary of soil characteristics from individual PVC collar (subsite) at each 
plot from Barren and Restored forested study site. Organic layer and Mineral layer depth 
were measured up-to 10cm depth from soil within individual collar. 

Treatment Site Subsite Total 
Collar 

soil depth 
(cm) 

Organic layer 
depth 
(cm) 

Mineral layer 
depth 
(cm) 

Barren BA1T1 10 0 10 
Barren BA1T2 6 0 6 

Barren BA6 263.723 46.446206 -81.05593619 15.49425789 20.14887257 45.3 7.53 

Barren BA7 266.658 46.446142 -81.05585689 16.41373405 18.05564137 51.4 3.7 

Barren BA8 269.436 46.446089 -81.05578946 17.4906313 17.81997985 45.6 7.26 

Barren BA9 272.355 46.445859 -81.05561916 17.87981867 18.48969107 49 16.33 

Barren BA10 275.037 46.445685 -81.05551473 19.13418482 18.17552048 49.4 13.06 

Reclaimed RE1 249.876 46.447122 -81.05458195 15.26212223 18.29130289 60.4 23.8 

Reclaimed RE2 252.71 46.446988 -81.05455355 15.86574882 17.34253028 61.2 16.1 

Reclaimed RE3 255.365 46.446859 -81.05452042 15.5916051 16.40533915 52.2 15.66 

Reclaimed RE4 258.867 46.446637 -81.05441879 17.20634654 17.46736064 60 27.7 

Reclaimed RE5 261.195 46.446521 -81.05460921 15.7481867 16.82283412 38.6 15.76 

Reclaimed RE6 263.804 46.446529 -81.05441783 15.46276024 16.04452653 52.2 18.9 

Reclaimed RE7 266.634 46.446458 -81.05415451 14.34627267 15.75799194 37.2 10.73 

Reclaimed RE8 269.319 46.446096 -81.05372612 15.30735393 16.37871921 52.1 11.83 

Reclaimed RE9 272.318 46.445809 -81.0536881 14.64100067 16.93623237 56 7.6 

Reclaimed RE10 275.118 46.445678 -81.0539272 15.69183742 16.68710544 53.5 5.66 
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Barren BA1T3 3 0 3 
Barren BA2T1 8 8 0 
Barren BA2T2 10 0 10 
Barren BA2T3 10 0 10 
Barren BA3T1 10 0 10 
Barren BA3T2 10 0 10 
Barren BA3T3 10 0 10 
Barren BA4T1 6 1 5 
Barren BA4T2 10 7 3 
Barren BA4T3 7 0 7 
Barren BA5T1 4 0 4 
Barren BA5T2 6 0 6 
Barren BA5T3 7 0 7 
Barren BA6T1 10 2 8 
Barren BA6T2 10 3 7 
Barren BA6T3 10 0 10 
Barren BA7T1 10 0 10 
Barren BA7T2 10 0 10 
Barren BA7T3 9 1 8 
Barren BA8T1 5 0 5 
Barren BA8T2    
Barren BA8T3 10 3 7 
Barren BA9T1 10 0 10 
Barren BA9T2 5 0 5 
Barren BA9T3 10 0 10 
Barren BA10T1 10 0 10 
Barren BA10T2 10 0 10 
Barren BA10T3 10 0 10 

Reclaimed RE1T1 10 0.5 9.5 
Reclaimed RE1T2 N/A N/A N/A 
Reclaimed RE1T3 10 3 7 
Reclaimed RE2T1 10 5 5 
Reclaimed RE2T2 10 7 3 
Reclaimed RE2T3 10 5 5 
Reclaimed RE3T1 5 2 3 
Reclaimed RE3T2 10 3 7 
Reclaimed RE3T3 10 5 5 
Reclaimed RE4T1 7 0 7 
Reclaimed RE4T2 10 2 8 
Reclaimed RE4T3 10 1 9 
Reclaimed RE5T1 8 1 7 
Reclaimed RE5T2 10 1 9 
Reclaimed RE5T3 10 3 7 
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Reclaimed RE6T1 10 8 2 
Reclaimed RE6T2 8 6 2 
Reclaimed RE6T3 10 10 0 
Reclaimed RE7T1 10 1 9 
Reclaimed RE7T2 10 2 8 
Reclaimed RE7T3 10 1 9 
Reclaimed RE8T1 10 0.5 9.5 
Reclaimed RE8T2 10 0.5 9.5 
Reclaimed RE8T3 10 5 5 
Reclaimed RE9T1 6 0 6 
Reclaimed RE9T2 10 2 8 
Reclaimed RE9T3 10 2 8 
Reclaimed RE10T1 8 3 5 
Reclaimed RE10T2 7 7 0 
Reclaimed RE10T3 10 6 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table (A10) Treatment and Mass loss of Green tea (gm), Rooibos tea mass loss %, Decomposition rate 
index (k)  (g·g-1·day-1), stabilization factor (S) (g g-1 ) at (un- treated un-limed) and Reclaimed (limed, 
fertilized and tree planted). 

Location Treatment Plot Subsite Green tea 
mass loss 

Rooibos 
tea mass 

loss 

Stabilization 
factor (S) 

Decomposition 
rate index (k) 

Sudbury Barren BA1 BA1T1 1.366 0.658 0.099 0.0099 

Sudbury Barren BA1 BA1T2 1.213 0.667 0.192 0.0130 
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Sudbury Barren BA1 BA1T3 1.222 0.744 0.166 0.0151 

Sudbury Barren BA2 BA2T1 1.268 0.678 0.125 0.0106 

Sudbury Barren BA2 BA2T2 1.291 0.622 0.133 0.0101 

Sudbury Barren BA2 BA2T3 1.254 0.689 0.136 0.0118 

Sudbury Barren BA3 BA3T1 1.141 0.669 0.196 0.0124 

Sudbury Barren BA3 BA3T2 1.34 0.702 0.128 0.0121 

Sudbury Barren BA3 BA3T3 1.278 0.58 0.109 0.0084 

Sudbury Barren BA4 BA4T1 1.192 0.437 0.183 0.0061 

Sudbury Barren BA4 BA4T2 1.209 0.522 0.164 0.0077 

Sudbury Barren BA4 BA4T3 1.237 0.52 0.178 0.0075 

Sudbury Barren BA5 BA5T1 1.305 0.71 0.122 0.0119 

Sudbury Barren BA5 BA5T2 1.131 0.592 0.199 0.0102 

Sudbury Barren BA5 BA5T3 1.131 0.59 0.249 0.0114 

Sudbury Barren BA6 BA6T1 1.328 0.694 0.094 0.0114 

Sudbury Barren BA6 BA6T2 1.356 1.01 0.098 0.0532 

Sudbury Barren BA6 BA6T3 1.266 0.572 0.147 0.0084 

Sudbury Barren BA7 BA7T1 1.174 0.793 0.231 0.0321 

Sudbury Barren BA7 BA7T2 1.264 0.531 0.135 0.0079 

Sudbury Barren BA7 BA7T3 1.13 0.614 0.26 0.0134 

Sudbury Barren BA8 BA8T1 1.336 0.59 0.141 0.0090 

Sudbury Barren BA8 BA8T3 1.283 0.813 0.16 0.0197 

Sudbury Barren BA9 BA9T1 1.282 0.698 0.142 0.0128 

Sudbury Barren BA9 BA9T2 1.445 0.667 0.085 0.0101 

Sudbury Barren BA9 BA9T3 1.348 0.683 0.136 0.0120 

Sudbury Barren BA10 BA10T1 1.21 0.619 0.197 0.0106 

Sudbury Barren BA10 BA10T2 1.33 0.555 0.149 0.0087 

Sudbury Barren BA10 BA10T3 1.117 0.59 0.288 0.0126 

Sudbury Reclaimed RE1 RE1T1 1.377 0.703 0.087 0.0110 

Sudbury Reclaimed RE1 RE1T2 1.396 0.739 0.099 0.0129 

Sudbury Reclaimed RE1 RE1T3 1.466 0.75 0.057 0.0117 

Sudbury Reclaimed RE2 RE2T1 1.464 0.639 0.122 0.0106 

Sudbury Reclaimed RE2 RE2T2 1.353 0.585 0.111 0.0085 

Sudbury Reclaimed RE2 RE2T3 1.495 0.673 0.054 0.0094 

Sudbury Reclaimed RE3 RE3T1 1.322 0.622 0.116 0.0096 

Sudbury Reclaimed RE3 RE3T2 1.442 0.616 0.101 0.0085 

Sudbury Reclaimed RE3 RE3T3 1.383 0.638 0.088 0.0095 

Sudbury Reclaimed RE4 RE4T1 1.443 0.665 0.084 0.0104 

Sudbury Reclaimed RE4 RE4T3 1.35 0.593 0.096 0.0084 

Sudbury Reclaimed RE5 RE5T2 1.391 0.732 0.086 0.0116 

Sudbury Reclaimed RE6 RE6T1 1.369 0.688 0.069 0.0106 

Sudbury Reclaimed RE6 RE6T2 1.384 0.773 0.05 0.0120 
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Sudbury Reclaimed RE6 RE6T3 1.333 0.77 0.081 0.0121 

Sudbury Reclaimed RE7 RE7T1 1.51 0.678 0.011 0.0092 

Sudbury Reclaimed RE7 RE7T2 1.371 0.608 0.11 0.0087 

Sudbury Reclaimed RE7 RE7T3 1.217 0.521 0.157 0.0080 

Sudbury Reclaimed RE8 RE8T2 1.355 0.966 0.1 0.0363 

Sudbury Reclaimed RE8 RE8T3 1.316 0.871 0.131 0.0234 

Sudbury Reclaimed RE9 RE9T1 1.297 0.666 0.124 0.0109 

Sudbury Reclaimed RE9 RE9T2 1.238 0.686 0.15 0.0125 

Sudbury Reclaimed RE9 RE9T3 1.414 0.725 0.072 0.0112 

Sudbury Reclaimed RE10 RE10T1 1.262 0.944 0.133 0.0311 

Sudbury Reclaimed RE10 RE10T3 1.369 0.609 0.045 0.0078 
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Table (A11) Averaged across the season, measurements of CO2 (mg m-2 h-1), CH4 (µg m-2 h-1 ), 
N2O (µg m-2 h-1) at both Barren and Reclaimed site.  Positive values indicate gas efflux rates 
and negative values represent consumption rates. 
 
Location Treatment Plot Subsite Date CO2 CH4 N2O 
Sudbury Barren BA1 BA1T1 6/19/2019 41.58755 0.008069 0.002858 
Sudbury Barren BA1 BA1T2 6/19/2019 54.23296 0.004775 -0.00379 
Sudbury Barren BA1 BA1T3 6/19/2019 28.35919 0.013263 0.004669 
Sudbury Barren BA2 BA2T1 6/19/2019 27.00046 0.014812 -0.00409 
Sudbury Barren BA2 BA2T2 6/19/2019 22.56646 -0.01331 0.000275 
Sudbury Barren BA2 BA2T3 6/19/2019 43.14543 -0.01269 -0.00089 
Sudbury Barren BA3 BA3T1 6/19/2019 29.14925 -0.01178 0.002485 
Sudbury Barren BA3 BA3T2 6/19/2019 18.2783 -0.00853 -0.00302 
Sudbury Barren BA3 BA3T3 6/19/2019 27.60661 -0.0003 0.001808 
Sudbury Barren BA4 BA4T1 6/19/2019 44.61053 0.012354 0.001089 
Sudbury Barren BA4 BA4T2 6/19/2019 52.47535 0.002011 -0.00476 
Sudbury Barren BA4 BA4T3 6/19/2019 47.10294 -0.0045 -0.00198 
Sudbury Barren BA5 BA5T1 6/19/2019 55.62306 0.010897 0.005693 
Sudbury Barren BA5 BA5T2 6/19/2019 53.9834 -0.0055 0.001048 
Sudbury Barren BA5 BA5T3 6/19/2019 67.62174 -0.00999 -0.00434 
Sudbury Barren BA6 BA6T1 6/19/2019 72.7591 -0.01951 0.003846 
Sudbury Barren BA6 BA6T2 6/19/2019 68.63762 0.005448 -0.00016 
Sudbury Barren BA7 BA7T1 6/19/2019 -2.01096 0.016256 0.000564 
Sudbury Barren BA7 BA7T2 6/19/2019 0.884883 -0.00762 -0.00306 
Sudbury Barren BA7 BA7T3 6/19/2019 2.825153 -0.02359 0.002132 
Sudbury Barren BA8 BA8T1 6/19/2019 32.18178 -0.00905 -0.00535 
Sudbury Barren BA8 BA8T2 6/19/2019 0 0.002808 0.008027 
Sudbury Barren BA8 BA8T3 6/19/2019 40.12043 -0.01243 -0.0087 
Sudbury Barren BA9 BA9T1 6/19/2019 53.59731 0.041979 -0.01355 
Sudbury Barren BA9 BA9T2 6/19/2019 66.14095 0.011185 0.004578 
Sudbury Barren BA9 BA9T3 6/19/2019 26.58999 0.008391 0.001181 
Sudbury Barren BA10 BA10T1 6/19/2019 30.87564 0.013772 -0.00847 
Sudbury Barren BA10 BA10T2 6/19/2019 30.87564 0.00572 0.00303 
Sudbury Barren BA10 BA10T3 6/19/2019 45.81891 -0.01209 0.002028 
Sudbury Barren BA1 BA1T1 7/10/2019 54.35534 0.002409 -0.00799 
Sudbury Barren BA1 BA1T2 7/10/2019 37.26195 0.006083 -0.00357 
Sudbury Barren BA1 BA1T3 7/10/2019 23.28699 -0.00643 0.002924 
Sudbury Barren BA2 BA2T1 7/10/2019 37.498 0.005241 0.003949 
Sudbury Barren BA2 BA2T2 7/10/2019 12.35103 0.008445 0.002183 
Sudbury Barren BA2 BA2T3 7/10/2019 39.30678 0.019021 0.001072 
Sudbury Barren BA3 BA3T1 7/10/2019 22.25481 -0.00426 -0.00522 
Sudbury Barren BA3 BA3T2 7/10/2019 11.90915 0.016859 -0.00492 
Sudbury Barren BA3 BA3T3 7/10/2019 25.50381 -0.00175 -0.00695 
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Sudbury Barren BA4 BA4T1 7/10/2019 25.68883 -0.01755 0.004778 
Sudbury Barren BA4 BA4T2 7/10/2019 29.49372 -0.01428 0.002549 
Sudbury Barren BA4 BA4T3 7/10/2019 41.13545 -0.00318 0.001406 
Sudbury Barren BA5 BA5T1 7/10/2019 0 0.014469 -0.0024 
Sudbury Barren BA5 BA5T2 7/10/2019 25.37527 -0.00387 0.009496 
Sudbury Barren BA5 BA5T3 7/10/2019 38.67513 -0.01421 -0.00095 
Sudbury Barren BA6 BA6T1 7/10/2019 75.31733 0.027738 0.00071 
Sudbury Barren BA6 BA6T2 7/10/2019 82.63881 -0.02346 -7.9E-05 
Sudbury Barren BA6 BA6T3 7/10/2019 60.03426 0.019977 -0.00742 
Sudbury Barren BA6 BA6T1 7/11/2019 105.632 0.010706 -0.00027 
Sudbury Barren BA6 BA6T2 7/11/2019 141.7815 0.030182 -0.00215 
Sudbury Barren BA6 BA6T3 7/11/2019 82.96747 0.008287 -0.00304 
Sudbury Barren BA7 BA7T1 7/11/2019 106.8525 -0.01784 0.004983 
Sudbury Barren BA7 BA7T2 7/11/2019 80.0272 -0.00604 -0.00473 
Sudbury Barren BA7 BA7T3 7/11/2019 89.42122 0.001533 -0.0024 
Sudbury Barren BA8 BA8T1 7/11/2019 68.03405 0.016484 -0.00343 
Sudbury Barren BA8 BA8T2 7/11/2019 108.0952 0.030209 -0.01447 
Sudbury Barren BA8 BA8T3 7/11/2019 25.80485 0.005685 0.002095 
Sudbury Barren BA9 BA9T1 7/11/2019 97.16275 0.009262 -0.00414 
Sudbury Barren BA9 BA9T2 7/11/2019 97.01005 0.00937 0.007987 
Sudbury Barren BA9 BA9T3 7/11/2019 20.78976 0.013181 0.006294 
Sudbury Barren BA10 BA10T1 7/11/2019 53.25768 0.004717 -0.00861 
Sudbury Barren BA1 BA1T1 7/24/2019 61.50113 0.0096 -0.00533 
Sudbury Barren BA1 BA1T2 7/24/2019 49.61528 -0.00426 -0.0027 
Sudbury Barren BA1 BA1T3 7/24/2019 30.08292 0.015418 -0.01159 
Sudbury Barren BA2 BA2T1 7/24/2019 35.02199 -0.00807 -0.0002 
Sudbury Barren BA2 BA2T2 7/24/2019 20.45556 0.013182 -0.00237 
Sudbury Barren BA2 BA2T3 7/24/2019 56.78788 0.030227 -0.00569 
Sudbury Barren BA3 BA3T1 7/24/2019 25.5697 0.018039 0.002698 
Sudbury Barren BA3 BA3T2 7/24/2019 0 0.006946 -0.00565 
Sudbury Barren BA3 BA3T3 7/24/2019 27.05832 -0.01759 0.000494 
Sudbury Barren BA5 BA5T1 7/24/2019 34.61422 -0.0094 -0.00179 
Sudbury Barren BA5 BA5T2 7/24/2019 14.79397 0.011201 -0.00111 
Sudbury Barren BA5 BA5T3 7/24/2019 52.79289 0.004042 -0.00016 
Sudbury Barren BA6 BA6T1 7/24/2019 81.13086 0.014936 -0.00446 
Sudbury Barren BA6 BA6T2 7/24/2019 77.93251 -0.01402 0.000716 
Sudbury Barren BA6 BA6T3 7/24/2019 44.08668 0.002228 -0.00838 
Sudbury Barren BA7 BA7T1 7/24/2019 60.25763 0.013185 0.006104 
Sudbury Barren BA7 BA7T2 7/24/2019 10.56035 -0.00982 -0.00249 
Sudbury Barren BA7 BA7T3 7/24/2019 16.36932 -0.00209 0.001326 
Sudbury Barren BA8 BA8T1 7/24/2019 19.3211 -0.01331 0.00539 
Sudbury Barren BA8 BA8T2 7/24/2019 25.86496 -0.00707 -0.00238 
Sudbury Barren BA8 BA8T1 7/24/2019 11.89244 -0.00138 0.003117 
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Sudbury Barren BA4 BA4T1 7/24/2019 38.53672 0.01062 -0.00749 
Sudbury Barren BA4 BA4T2 7/24/2019 36.64298 -0.00162 -0.00282 
Sudbury Barren BA4 BA4T3 7/24/2019 62.4398 -0.00138 -0.00832 
Sudbury Barren BA9 BA9T1 7/24/2019 56.30599 0.024783 -0.01648 
Sudbury Barren BA9 BA9T2 7/24/2019 20.9253 -0.02655 0.011236 
Sudbury Barren BA9 BA9T3 7/24/2019 12.40207 0.021507 -0.00393 
Sudbury Barren BA10 BA10T1 7/24/2019 69.99214 0.005742 -0.00017 
Sudbury Barren BA10 BA10T2 7/24/2019 9.862943 0.013421 -0.00371 
Sudbury Barren BA10 BA10T3 7/24/2019 0 -0.01026 0.001225 
Sudbury Barren BA1 BA1T1 8/7/2019 79.64879 -0.00259 -0.00641 
Sudbury Barren BA1 BA1T2 8/7/2019 72.02587 0.003773 0.008096 
Sudbury Barren BA1 BA1T3 8/7/2019 50.41855 0.023644 0.002907 
Sudbury Barren BA2 BA2T1 8/7/2019 52.35423 0.015803 -0.00177 
Sudbury Barren BA2 BA2T2 8/7/2019 32.4272 -0.00605 -0.00066 
Sudbury Barren BA2 BA2T3 8/7/2019 78.78841 -0.04207 0.011312 
Sudbury Barren BA3 BA3T1 8/7/2019 40.10994 0.014268 -0.00047 
Sudbury Barren BA3 BA3T2 8/7/2019 30.54704 -0.02846 -0.00907 
Sudbury Barren BA3 BA3T3 8/7/2019 35.52409 0.015631 0.005992 
Sudbury Barren BA4 BA4T1 8/7/2019 39.0841 0.046633 -0.01015 
Sudbury Barren BA4 BA4T2 8/7/2019 41.31858 -0.01095 -0.00935 
Sudbury Barren BA4 BA4T3 8/7/2019 0 -0.00013 -0.0028 
Sudbury Barren BA5 BA5T1 8/7/2019 2.34488 -0.01172 0.000151 
Sudbury Barren BA5 BA5T2 8/7/2019 -2.46025 0.019314 -0.00541 
Sudbury Barren BA5 BA5T3 8/7/2019 -0.37631 -0.00057 -0.00222 
Sudbury Barren BA6 BA6T1 8/7/2019 -0.61225 0.008782 0.010623 
Sudbury Barren BA6 BA6T2 8/7/2019 -1.03886 0.001014 0.002113 
Sudbury Barren BA6 BA6T3 8/7/2019 -1.07883 -0.03976 0.02158 
Sudbury Barren BA7 BA7T1 8/7/2019 -1.44625 0.013775 0.004737 
Sudbury Barren BA7 BA7T2 8/7/2019 0.468619 -0.01642 0.00188 
Sudbury Barren BA7 BA7T3 8/7/2019 2.227354 -0.00374 0.005803 
Sudbury Barren BA8 BA8T1 8/7/2019 -1.08359 -0.02598 -0.00339 
Sudbury Barren BA8 BA8T2 8/7/2019 0.649066 -0.03191 0.003044 
Sudbury Barren BA8 BA8T3 8/7/2019 -0.29986 -0.01809 -0.00056 
Sudbury Barren BA9 BA9T1 8/7/2019 -1.20105 0.013195 0.004528 
Sudbury Barren BA9 BA9T2 8/7/2019 0.115197 0.026969 -1.8E-05 
Sudbury Barren BA9 BA9T3 8/7/2019 -0.63663 -0.0066 0.000255 
Sudbury Barren BA10 BA10T1 8/7/2019 -0.12107 0.017995 0.004172 
Sudbury Barren BA10 BA10T2 8/7/2019 -2.00668 -0.01211 -0.00564 
Sudbury Barren BA10 BA10T3 8/7/2019 0.009186 0.000427 -0.0005 
Sudbury Barren BA6 BA6T1 8/21/2019 103.8755 -0.01466 -0.0062 
Sudbury Barren BA6 BA6T2 8/21/2019 68.1541 -0.00169 -0.01267 
Sudbury Barren BA6 BA6T3 8/21/2019 53.77528 0.004161 -0.00039 
Sudbury Barren BA7 BA7T1 8/21/2019 53.38252 -0.01305 -0.0072 
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Sudbury Barren BA7 BA7T2 8/21/2019 18.56299 0.015178 0.002879 
Sudbury Barren BA7 BA7T3 8/21/2019 12.18244 0.012807 0.000952 
Sudbury Barren BA8 BA8T2 8/21/2019 26.3415 -0.00321 -0.00452 
Sudbury Barren BA8 BA8T3 8/21/2019 10.56747 0.019396 -0.00643 
Sudbury Barren BA9 BA9T1 8/21/2019 47.89919 0.050237 0.000421 
Sudbury Barren BA9 BA9T2 8/21/2019 42.72147 -0.00134 0.004101 
Sudbury Barren BA9 BA9T3 8/21/2019 32.87917 -0.00372 0.002797 
Sudbury Barren BA10 BA10T1 8/21/2019 36.35369 0.024078 -0.00101 
Sudbury Barren BA10 BA10T2 8/21/2019 6.060823 -0.00513 0.00376 
Sudbury Barren BA10 BA10T3 8/21/2019 18.15384 -0.0252 0.00047 
Sudbury Barren BA1 BA1T1 2/10/2019 24.97399 0.007546 0.004421 
Sudbury Barren BA1 BA1T2 2/10/2019 30.88608 -0.01054 -0.00035 
Sudbury Barren BA1 BA1T3 2/10/2019 0 0.012092 -0.0058 
Sudbury Barren BA2 BA2T1 2/10/2019 0 -0.00688 0.020312 
Sudbury Barren BA2 BA2T2 2/10/2019 100.9307 -0.00203 0.001083 
Sudbury Barren BA2 BA2T3 2/10/2019 -4.68099 -0.00221 -0.0006 
Sudbury Barren BA3 BA3T1 2/10/2019 4.239724 0.001271 0.002168 
Sudbury Barren BA3 BA3T2 2/10/2019 12.46648 0.010846 0.005481 
Sudbury Barren BA3 BA3T3 2/10/2019 18.56417 0.020471 0.001471 
Sudbury Barren BA4 BA4T1 2/10/2019 19.15597 -0.01256 0.00329 
Sudbury Barren BA4 BA4T2 2/10/2019 44.77636 0.00602 0.002408 
Sudbury Barren BA4 BA4T3 2/10/2019 15.47711 -0.01167 0.003383 
Sudbury Barren BA5 BA5T1 2/10/2019 6.033502 0.016122 0.008404 
Sudbury Barren BA5 BA5T2 2/10/2019 18.52719 -0.00194 -0.00395 
Sudbury Barren BA5 BA5T3 2/10/2019 28.19536 -0.00707 -0.00999 
Sudbury Barren BA6 BA6T1 2/10/2019 30.60832 0.008871 -0.01498 
Sudbury Barren BA6 BA6T2 2/10/2019 24.65332 0.023073 -0.0037 
Sudbury Barren BA6 BA6T3 2/10/2019 30.31483 -0.0293 -0.0002 
Sudbury Barren BA7 BA7T1 2/10/2019 17.25318 -0.03316 -0.00805 
Sudbury Barren BA7 BA7T2 2/10/2019 12.99917 -0.006 -0.01128 
Sudbury Barren BA7 BA7T3 2/10/2019 3.452981 -0.00584 0.002953 
Sudbury Barren BA8 BA8T1 2/10/2019 17.54836 0.012973 -0.00419 
Sudbury Barren BA8 BA8T2 2/10/2019 21.50541 -0.01437 -0.00621 
Sudbury Barren BA8 BA8T3 2/10/2019 17.6755 0.003714 0.002178 
Sudbury Barren BA9 BA9T1 2/10/2019 28.66603 -0.01755 0.006523 
Sudbury Barren BA9 BA9T2 2/10/2019 -0.73386 3.92E-05 -0.00223 
Sudbury Barren BA9 BA9T3 2/10/2019 16.50718 -0.00392 0.001206 
Sudbury Barren BA10 BA10T1 2/10/2019 9.374338 -0.00619 -0.00256 
Sudbury Barren BA10 BA10T2 2/10/2019 17.53925 -0.00012 -0.00192 
Sudbury Reclaimed RE1 RE1T1 6/20/2019 28.43189 0.009115 0.000582 
Sudbury Reclaimed RE1 RE1T2 6/20/2019 32.38949 0.013607 0.00203 
Sudbury Reclaimed RE1 RE1T3 6/20/2019 233.4779 -0.02026 -0.00234 
Sudbury Reclaimed RE2 RE2T1 6/20/2019 87.18375 -0.00652 -0.01119 
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Sudbury Reclaimed RE2 RE2T2 6/20/2019 56.37068 0.021695 -0.00541 
Sudbury Reclaimed RE2 RE2T3 6/20/2019 61.6878 0.015678 -0.00972 
Sudbury Reclaimed RE3 RE3T1 6/20/2019 36.53408 -0.0117 -0.01324 
Sudbury Reclaimed RE3 RE3T2 6/20/2019 36.80235 -0.00745 0.002241 
Sudbury Reclaimed RE3 RE3T3 6/20/2019 19.87986 -0.00715 -0.00272 
Sudbury Reclaimed RE4 RE4T1 6/20/2019 0 0.003726 -0.00109 
Sudbury Reclaimed RE4 RE4T2 6/20/2019 0 -0.00949 -0.0095 
Sudbury Reclaimed RE4 RE4T3 6/20/2019 280.4813 -0.01779 -0.00422 
Sudbury Reclaimed RE5 RE5T1 6/20/2019 68.26932 0.005419 -0.00923 
Sudbury Reclaimed RE5 RE5T2 6/20/2019 91.06995 -0.00551 -0.00128 
Sudbury Reclaimed RE5 RE5T3 6/20/2019 65.12328 0.007632 0.001472 
Sudbury Reclaimed RE6 RE6T1 6/20/2019 79.09947 -0.0047 0.000979 
Sudbury Reclaimed RE6 RE6T2 6/20/2019 64.86321 -0.00542 0.001814 
Sudbury Reclaimed RE6 RE6T3 6/20/2019 57.53313 -0.00671 -0.01111 
Sudbury Reclaimed RE7 RE7T1 6/20/2019 49.62494 -0.0016 -0.00082 
Sudbury Reclaimed RE7 RE7T2 6/20/2019 41.57229 0.008594 -0.00495 
Sudbury Reclaimed RE8 RE8T1 6/20/2019 66.35079 -0.01729 0.002096 
Sudbury Reclaimed RE8 RE8T2 6/20/2019 80.84322 -0.01637 0.001343 
Sudbury Reclaimed RE8 RE8T3 6/20/2019 0 0.009395 0.003364 
Sudbury Reclaimed RE7 RE7T3 6/20/2019 57.69601 -0.02001 -0.00193 
Sudbury Reclaimed RE9 RE9T1 6/20/2019 22.50895 -0.00568 -0.01213 
Sudbury Reclaimed RE9 RE9T2 6/20/2019 73.67309 0.015339 0.003718 
Sudbury Reclaimed RE10 RE10T1 6/20/2019 47.3942 -0.00562 0.001792 
Sudbury Reclaimed RE10 RE10T2 6/20/2019 102.0601 -0.00162 0.002915 
Sudbury Reclaimed RE10 RE10T3 6/20/2019 36.44476 -0.00636 -0.008 
Sudbury Reclaimed RE1 RE1T3 7/11/2019 55.90825 0.027956 -0.00477 
Sudbury Reclaimed RE1 RE1T2 7/11/2019 81.19624 -0.0049 0.003305 
Sudbury Reclaimed RE1 RE1T1 7/11/2019 100.3554 0.000224 0.007611 
Sudbury Reclaimed RE2 RE2T1 7/11/2019 173.3811 -0.02587 0.0109 
Sudbury Reclaimed RE2 RE2T2 7/11/2019 27.0644 -0.05738 0.005061 
Sudbury Reclaimed RE2 RE2T3 7/11/2019 0 -0.00603 -0.00505 
Sudbury Reclaimed RE3 RE3T3 7/11/2019 101.7681 -0.04388 -0.01829 
Sudbury Reclaimed RE3 RE3T2 7/11/2019 90.76579 0.023056 0.004748 
Sudbury Reclaimed RE3 RE3T1 7/11/2019 48.25996 -0.01758 0.002189 
Sudbury Reclaimed RE4 RE4T1 7/11/2019 84.09671 0.021784 -0.00243 
Sudbury Reclaimed RE4 RE4T2 7/11/2019 52.05558 -0.0055 -0.00286 
Sudbury Reclaimed RE4 RE4T3 7/11/2019 74.73967 0.010072 -0.01076 
Sudbury Reclaimed RE5 RE5T1 7/11/2019 176.726 -0.00054 -0.00557 
Sudbury Reclaimed RE5 RE5T2 7/11/2019 334.3758 -0.01653 -0.00284 
Sudbury Reclaimed RE5 RE5T3 7/11/2019 93.53636 0.00476 -0.0032 
Sudbury Reclaimed RE6 RE6T1 7/11/2019 150.4541 0.022619 -0.00612 
Sudbury Reclaimed RE6 RE6T2 7/11/2019 79.01844 0.00709 -0.00137 
Sudbury Reclaimed RE6 RE6T3 7/11/2019 85.11694 -0.02647 0.000314 
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Sudbury Reclaimed RE7 RE7T1 7/11/2019 115.4612 -0.01762 0.010155 
Sudbury Reclaimed RE7 RE7T2 7/11/2019 86.78532 -0.03151 0.005724 
Sudbury Reclaimed RE7 RE7T3 7/11/2019 84.58192 0.01169 -0.00183 
Sudbury Reclaimed RE8 RE8T1 7/11/2019 57.34656 0.010096 0.007264 
Sudbury Reclaimed RE8 RE8T2 7/11/2019 155.2387 -0.0212 -0.00063 
Sudbury Reclaimed RE9 RE9T1 7/15/2019 29.56017 -0.0007 -0.00791 
Sudbury Reclaimed RE9 RE9T2 7/15/2019 100.905 0.011169 -0.00299 
Sudbury Reclaimed RE9 RE9T3 7/15/2019 141.5435 -0.00716 0.002638 
Sudbury Reclaimed RE1 RE1T1 7/25/2019 61.69351 0 -0.00508 
Sudbury Reclaimed RE1 RE1T2 7/25/2019 225.8843 0.006313 0.000585 
Sudbury Reclaimed RE1 RE1T3 7/25/2019 58.96823 -0.0251 -0.00353 
Sudbury Reclaimed RE2 RE2T1 7/25/2019 214.157 -1.43872 0.066348 
Sudbury Reclaimed RE2 RE2T2 7/25/2019 88.78766 0.013893 -0.00501 
Sudbury Reclaimed RE2 RE2T3 7/25/2019 112.2355 -0.03074 0.004076 
Sudbury Reclaimed RE3 RE3T1 7/25/2019 122.4465 -0.00819 -0.00871 
Sudbury Reclaimed RE3 RE3T2 7/25/2019 84.32484 -0.00413 0.001494 
Sudbury Reclaimed RE3 RE3T3 7/25/2019 41.86645 -0.03315 0.004099 
Sudbury Reclaimed RE4 RE4T1 7/25/2019 73.83148 0.106858 -0.01432 
Sudbury Reclaimed RE4 RE4T2 7/25/2019 62.4557 0.065095 -0.00045 
Sudbury Reclaimed RE4 RE4T3 7/25/2019 100.2536 0.207415 -0.01904 
Sudbury Reclaimed RE5 RE5T1 7/25/2019 115.7146 -0.01017 0.00194 
Sudbury Reclaimed RE5 RE5T2 7/25/2019 189.6628 0.012279 0.001362 
Sudbury Reclaimed RE5 RE5T3 7/25/2019 98.64332 -0.02038 -0.00961 
Sudbury Reclaimed RE6 RE6T1 7/25/2019 178.7844 0.020962 -0.00884 
Sudbury Reclaimed RE6 RE6T2 7/25/2019 111.1476 0.026893 -0.00827 
Sudbury Reclaimed RE6 RE6T3 7/25/2019 112.3552 0.003889 0.006812 
Sudbury Reclaimed RE7 RE7T1 7/25/2019 114.2009 -0.00133 0.007403 
Sudbury Reclaimed RE7 RE7T2 7/25/2019 0 -0.02508 -0.00752 
Sudbury Reclaimed RE7 RE7T3 7/25/2019 0 0.000026 -4.6E-06 
Sudbury Reclaimed RE8 RE8T1 7/25/2019 159.5491 0.054567 -2.5E-06 
Sudbury Reclaimed RE8 RE8T2 7/25/2019 175.819 0.048411 0.001152 
Sudbury Reclaimed RE8 RE8T3 7/25/2019 169.0814 0.04356 0.01533 
Sudbury Reclaimed RE9 RE9T1 7/25/2019 60.59995 0.068879 0.003172 
Sudbury Reclaimed RE9 RE9T2 7/25/2019 178.6846 0.049101 -0.00037 
Sudbury Reclaimed RE9 RE9T3 7/25/2019 175.9195 0.011916 -0.00184 
Sudbury Reclaimed RE10 RE10T1 7/25/2019 191.2172 0.015211 -0.01117 
Sudbury Reclaimed RE10 RE10T2 7/25/2019 197.4111 0.002595 -0.00459 
Sudbury Reclaimed RE10 RE10T3 7/25/2019 170.6221 0.01472 -0.00935 
Sudbury Reclaimed RE1 RE1T1 8/9/2019 50.60491 -0.00379 -0.00095 
Sudbury Reclaimed RE1 RE1T2 8/9/2019 58.52322 0.008329 -0.00019 
Sudbury Reclaimed RE1 RE1T3 8/9/2019 74.53665 0.031154 -0.00261 
Sudbury Reclaimed RE2 RE2T1 8/9/2019 199.4047 0.001457 -0.01117 
Sudbury Reclaimed RE2 RE2T2 8/9/2019 143.7415 -0.00456 0.002652 
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Sudbury Reclaimed RE2 RE2T3 8/9/2019 98.85551 -0.02234 0.00225 
Sudbury Reclaimed RE3 RE3T1 8/9/2019 87.8244 -0.01843 -0.00571 
Sudbury Reclaimed RE3 RE3T2 8/9/2019 69.74832 0.007189 0.003355 
Sudbury Reclaimed RE3 RE3T3 8/9/2019 45.65918 0.011957 0.005661 
Sudbury Reclaimed RE4 RE4T1 8/9/2019 58.2407 0.017806 -0.01908 
Sudbury Reclaimed RE4 RE4T2 8/9/2019 46.8458 0.012324 -0.00558 
Sudbury Reclaimed RE4 RE4T3 8/9/2019 88.03654 0.007591 0.006247 
Sudbury Reclaimed RE5 RE5T1 8/9/2019 100.3742 -0.06871 -0.00151 
Sudbury Reclaimed RE5 RE5T2 8/9/2019 200.4515 0.010924 -0.00369 
Sudbury Reclaimed RE5 RE5T3 8/9/2019 26.19216 -0.00258 -0.00529 
Sudbury Reclaimed RE6 RE6T1 8/9/2019 173.9081 0.003504 -0.00903 
Sudbury Reclaimed RE6 RE6T2 8/9/2019 53.85676 0.001352 -0.00531 
Sudbury Reclaimed RE6 RE6T3 8/9/2019 106.7307 0.001851 -0.00452 
Sudbury Reclaimed RE7 RE7T1 8/9/2019 103.4549 -0.00251 0.000408 
Sudbury Reclaimed RE7 RE7T2 8/9/2019 96.47308 -0.00782 -0.00427 
Sudbury Reclaimed RE7 RE7T3 8/9/2019 101.9102 -0.01388 -0.00603 
Sudbury Reclaimed RE8 RE8T1 8/9/2019 146.8421 -0.02155 -0.00509 
Sudbury Reclaimed RE8 RE8T2 8/9/2019 148.4939 -0.04134 0.003427 
Sudbury Reclaimed RE8 RE8T3 8/9/2019 154.2158 -0.02374 -0.00485 
Sudbury Reclaimed RE9 RE9T3 8/9/2019 225.5821 -0.01581 -0.00448 
Sudbury Reclaimed RE9 RE9T2 8/9/2019 125.0986 -0.00827 0.002513 
Sudbury Reclaimed RE9 RE9T1 8/9/2019 0 0.004369 -0.00559 
Sudbury Reclaimed RE10 RE10T1 8/12/2019 150.8233 -0.01863 -0.0017 
Sudbury Reclaimed RE10 RE10T2 8/12/2019 273.576 0.014662 0.007924 
Sudbury Reclaimed RE10 RE10T3 8/12/2019 187.4074 0.006267 -0.00332 
Sudbury Reclaimed RE1 RE1T1 8/22/2019 46.374 -0.00753 -0.00359 
Sudbury Reclaimed RE1 RE1T2 8/22/2019 134.7296 -0.01129 -0.00473 
Sudbury Reclaimed RE1 RE1T3 8/22/2019 50.78087 -0.03098 0.001131 
Sudbury Reclaimed RE2 RE2T1 8/22/2019 233.9631 -0.0163 0.001349 
Sudbury Reclaimed RE2 RE2T2 8/22/2019 38.3186 -0.01425 -0.00268 
Sudbury Reclaimed RE2 RE2T3 8/22/2019 139.9229 -0.02279 0.002071 
Sudbury Reclaimed RE3 RE3T1 8/22/2019 92.62006 -0.00385 -0.00192 
Sudbury Reclaimed RE3 RE3T2 8/22/2019 57.58768 0.009608 -0.00408 
Sudbury Reclaimed RE3 RE3T3 8/22/2019 20.52678 -0.02996 -0.00058 
Sudbury Reclaimed RE4 RE4T1 8/22/2019 78.43866 -0.0062 0.003706 
Sudbury Reclaimed RE4 RE4T2 8/22/2019 2.864739 0.012028 0.006774 
Sudbury Reclaimed RE4 RE4T3 8/22/2019 373.8251 -0.02204 0.009801 
Sudbury Reclaimed RE5 RE5T1 8/22/2019 83.54662 -0.0113 -0.00518 
Sudbury Reclaimed RE5 RE5T2 8/22/2019 203.4631 0.020103 0.003528 
Sudbury Reclaimed RE5 RE5T3 8/22/2019 32.02371 -0.01685 -0.00094 
Sudbury Reclaimed RE6 RE6T1 8/22/2019 124.0161 -0.00724 0.000834 
Sudbury Reclaimed RE6 RE6T2 8/22/2019 57.51085 0.025816 -0.00937 
Sudbury Reclaimed RE6 RE6T3 8/22/2019 79.52505 -0.03572 0.001855 
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Sudbury Reclaimed RE7 RE7T1 8/22/2019 67.61665 -0.02552 0.007516 
Sudbury Reclaimed RE7 RE7T2 8/22/2019 83.62943 -0.0327 0.015606 
Sudbury Reclaimed RE7 RE7T3 8/22/2019 71.95319 0.00801 -0.00155 
Sudbury Reclaimed RE8 RE8T1 8/22/2019 144.52 -0.04721 -0.0104 
Sudbury Reclaimed RE8 RE8T2 8/22/2019 85.89035 -0.01369 -0.00479 
Sudbury Reclaimed RE8 RE8T3 8/22/2019 108.0664 -0.04836 -0.00083 
Sudbury Reclaimed RE9 RE9T1 8/22/2019 46.143 -0.00925 -0.00677 
Sudbury Reclaimed RE9 RE9T2 8/22/2019 177.6589 0.029609 -0.00113 
Sudbury Reclaimed RE9 RE9T3 8/22/2019 206.9442 0.021685 -0.00751 
Sudbury Reclaimed RE10 RE10T1 8/22/2019 100.8194 -0.03273 -0.00568 
Sudbury Reclaimed RE10 RE10T2 8/22/2019 214.3641 -0.03063 0.0016 
Sudbury Reclaimed RE10 RE10T3 8/22/2019 335.0025 -0.01283 -0.00046 
Sudbury Reclaimed RE1 RE1T1 10/9/2019 32.09212 -0.029 0.002136 
Sudbury Reclaimed RE1 RE1T2 10/9/2019 38.82445 0.0024 -0.00834 
Sudbury Reclaimed RE1 RE1T3 10/9/2019 64.75428 -0.0047 -8.9E-05 
Sudbury Reclaimed RE2 RE2T1 10/9/2019 313.5539 -0.00967 -0.00564 
Sudbury Reclaimed RE2 RE2T2 10/9/2019 -60.7659 0.0035 -0.00558 
Sudbury Reclaimed RE2 RE2T3 10/9/2019 88.48896 -0.00159 0.001019 
Sudbury Reclaimed RE3 RE3T1 10/9/2019 0 -0.02337 -0.00955 
Sudbury Reclaimed RE3 RE3T2 10/9/2019 17.01345 -0.01878 0.003799 
Sudbury Reclaimed RE3 RE3T3 10/9/2019 39.04146 0.02142 0.002529 
Sudbury Reclaimed RE4 RE4T1 10/9/2019 28.3151 -0.00021 -0.00797 
Sudbury Reclaimed RE4 RE4T2 10/9/2019 29.61349 0.004949 -0.00248 
Sudbury Reclaimed RE4 RE4T3 10/9/2019 70.78449 0.028483 -0.01388 
Sudbury Reclaimed RE5 RE5T1 10/9/2019 46.21596 0.002044 -0.00638 
Sudbury Reclaimed RE5 RE5T2 10/9/2019 192.1975 -0.01745 0.007758 
Sudbury Reclaimed RE5 RE5T3 10/9/2019 37.40771 -0.01934 0.004089 
Sudbury Reclaimed RE6 RE6T1 10/9/2019 120.5976 -0.03256 0.003099 
Sudbury Reclaimed RE6 RE6T2 10/9/2019 36.42739 -0.0294 -0.00883 
Sudbury Reclaimed RE6 RE6T3 10/9/2019 62.4212 -0.01392 0.002648 
Sudbury Reclaimed RE7 RE7T1 10/9/2019 40.43259 0.00276 -0.00522 
Sudbury Reclaimed RE7 RE7T2 10/9/2019 23.70754 -0.0236 -0.00847 
Sudbury Reclaimed RE7 RE7T3 10/9/2019 65.14811 -0.00228 0.004192 
Sudbury Reclaimed RE8 RE8T1 10/9/2019 102.84 -0.03333 -0.0061 
Sudbury Reclaimed RE8 RE8T2 10/9/2019 125.1517 0.011012 -0.0047 
Sudbury Reclaimed RE8 RE8T3 10/9/2019 167.5073 -0.0458 -0.00329 
Sudbury Reclaimed RE9 RE9T1 10/9/2019 1.089713 -0.00193 7.52E-05 
Sudbury Reclaimed RE9 RE9T2 10/9/2019 241.0985 -0.00594 0.005445 
Sudbury Reclaimed RE9 RE9T3 10/9/2019 121.9672 -0.03067 -0.01724 
Sudbury Reclaimed RE10 RE10T1 10/9/2019 44.04699 -0.04138 -0.00226 
Sudbury Reclaimed RE10 RE10T2 10/9/2019 146.9562 0.004402 0.014149 
Sudbury Reclaimed RE10 RE10T3 10/9/2019 83.34251 0.000245 -0.00295 
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