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Abstract 

Success in establishing productive upland forests on landforms reconstructed using mining 

waste mainly depends on the cover materials and depth that determine water and nutrient 

availability for plant growth while mitigating the potential risks or limitations of the substrate 

that is being reclaimed. In this study, a process based ecosystem model, ecosys was used to 

forecast short and long-term effects of soil cover depth on soil moisture and nitrogen (N) 

availability, salinity and thereby plant productivity in different reclamation covers on a reclaimed 

overburden substrate landform which has elevated salinity and sodicity. The modelled outputs 

were tested against measured soil moisture content (, rooting depth, sap flow, leaf area, salt 

redistribution, soil and foliar N concentrations, plant biomass production with three soil cover 

depths differing in thickness (35, 50, and 100 cm). The study site was a 17-year-old forest 

reclamation site on a slope constructed on saline sodic overburden material, capped with a cover 

soil, and planted with trembling aspen and white spruce in the Athabasca Oil Sands Region, Fort 

McMurray, Alberta, Canada. The modelled changes in soil moisture, rooting depth, tree water-

use, salt redistribution, soil and foliar N concentration and aboveground tree biomass with soil 

cover depth followed the same trends as independent measurements. Greater , plant water-use, 

N mineralization, N uptake and consequently greater aboveground biomass were modelled in 

100 cm cover vs. 35 cm and 50 cm covers particularly during dry and intermediate years, after 

the sites had reached over-story crown closure (2011 - 2015). However, a clear relationship 

between root zone salt concentrations, driven by upward salt migration from underlying 

overburden, and aboveground biomass growth was not apparent. The relative limitations on net 

primary productivity (NPP) from water vs. nutrient uptake depended on slope position in the 
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reclaimed landscape. Thus lower plant productivity modelled in upper slope positions was 

mainly controlled by  rather than N availability and salinity. 

Modelled NPP increased linearly with modelled transpiration (R2 > 0.9) and N uptake (R2 

> 0.8) that increased with AWHC and total soil nitrogen (TN) that in turn increased linearly with 

cover depth. However, non-linear relationships between transpiration and AWHC and between 

tree N uptake and TN indicated that there is a threshold cover depth (100 cm for the current 

study) where further increases in AWHC and TN would have little effect on NPP, according to 

site conditions. After running ecosys with seven hypothetical covers in addition to constructed 

landforms (35 cm, 50 cm and 100 cm), results also indicated that there is little effect of cover 

depths greater than 100 cm on plant growth. The 100 cm cover achieved NPP similar to that of 

natural boreal mixed-wood forests of the region earlier than did the 35 cm and 50 cm covers. 

However the long-term (100 yrs.) modelling without any ecosystem disturbances indicated that 

all the reclamation covers reached a similar NPP (~400 g C m-2 y-1) during wet years after ca. 25 

years from start of reclamation, comparable to the NPP modelled for a similar age regenerating 

natural site after stand replacing fire within the region. Long-term modelling (1999 - 2099) with 

climate change (RCP 8.5) increased NPP in the 100 cm cover (22%) more than in the 50 cm 

cover (15%) and the 35 cm cover (14%) because NPP in the shallower covers declined during 

dry years due to lower AWHC. Also aspen vs. white spruce growth tended to increase with 

increasing cover depth and climate change due to improved water and N uptake associated with 

greater AWHC as well as N mineralization from increased total soil nitrogen. However, the NPP 

gains modelled in all the reclaimed sites under warming climate were lower than that of the 

regenerating natural site (45%) due to decreased soil nutrient availability, particularly 

phosphorus, over time.  
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Overall, this study demonstrates the importance of cover soil depth as a modulator of soil 

available moisture, nutrient availability and salt redistribution particularly during early forest 

development. It also demonstrated that a terrestrial ecosystem model such as ecosys can be a 

useful tool in forecasting short and long-term hydrological patterns, salt redistribution, N 

cycling, NPP and thereby land capability for reclamation soil covers of different depths and 

properties. 
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Chapter 1 

Introduction 

1.1. Surface mining and reclamation approaches in the Athabasca Oil Sands Region 

Northern Alberta is rich in oil sands with approximately 142,000 km2 surface area 

underlain by oil sands deposits (Alberta Environment, 2014). The three major oil sands deposits 

in Alberta are Athabasca, Cold Lake and Peace River located within the Alberta’s boreal forest 

region. The Athabasca Oil Sands Region (AOSR) is the largest with three percent of the total 

reserve (4800 km2) deposited in near-surface soil layers that are economical to extract through 

open-pit mining (Fung and Macyk, 2000; Alberta Energy, 2018). Therefore, surface mining is an 

ongoing operation in the AOSR near Fort McMurray, and has caused large-scale land 

disturbance due to the removal of the vegetation, stripping off surface and subsurface soil to 

expose and extract the oil sands deposits. By the end of 2016, the surface mining footprint was 

900 km2, which covered 0.24% of Alberta’s boreal forest and 63 km2 has been permanently 

reclaimed (Environment and Parks, 2017). At the completion of oil sands mining all disturbances 

will be reclaimed and must meet the requirements of a functioning ecosystem and equivalent 

land capability according to the Alberta government regulations (Alberta Environmental 

Protection and Enhancement Act - EPEA). 

 Fine textured saline/sodic Clearwater formation (shale overburden) comprises a large 

portion of the geologic material (overburden) underlying most of the land surface in the 

Athabasca oil sands region which must be removed during the surface mining (Fung and Macyk, 

2000). The overburden is predominantly placed in unmined areas and reclaimed to areas that will 

be mainly upland forests with small localized wetlands (Boese, 2003; Elshorbagy et al., 2005). 

During upland construction, overburden is generally transported to a dedicated disposal site in 
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another area of the mine lease to create large, out of pit landform structures with long slopes of 

10 to 20% around a prominent plateau in the center (Yarmuch, M., personal communication). 

Following overburden contouring, a soil reclamation cover of subsoil and topsoil (soil materials 

salvaged prior to overburden removal) is applied (Sandoval and Gould, 1978; Fung and Macyk, 

2000; Carey, 2008) over the overburden. This cover is to provide a sufficient amount of moisture 

and nutrients to sustain plant growth even during times of low resource availability (e.g., 

drought) (Boese, 2003), while successfully isolating the root zone from potentially limiting 

conditions in the overburden material (Kessler, 2007; Meiers et al., 2011). Subsoil and topsoil 

placement mainly occurs during winter and early spring (i.e., frozen soil conditions) which 

reduces the potential for soil compaction. The site is revegetated with native trees and shrub 

species to achieve dominantly upland forests with small, localized wetlands.  

1.2. Landform substrate 

Oil sands mine activities and bitumen extraction result in a number of substrates (e.g., 

overburden, tailings sand) that will become large-scale landforms and remain in the closure 

reclaimed landscape. Overburden landforms currently make-up the largest extent of reclamation 

to date and will comprise a significant extent of the closure reclaimed landscape. Overburden 

physical and chemical characteristics vary depending on its geologic origin (Fung and Macyk, 

2000). For some oil sands mining operations, including Syncrude’s Mildred Lake mine 

operation, a significant proportion of the overburden consists of Clearwater Formation, which is 

a Cretaceous Period marine clay shale with elevated salinity and sodicity. The combination of 

elevated salinity and sodicity, and high clay and silt proportions of the Clearwater Formation 

overburden presents a unique challenge to reclamation (Fung and Macyk, 2000; Kessler, 2007).   
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1.3. Reclamation materials and soil cover designs  

 Different reclamation covers have been constructed for the range of substrates produced in 

oil sands mining and bitumen extraction with the intention of providing a sufficient amount of 

moisture and nutrients, and to mitigate potential risk(s) or limitations of a substrate (Rowland et 

al., 2009). Soil profiles in oil sands reclaimed areas are generally referred as soil cover designs 

and they are separated into three major horizons; topsoil, upper subsoil and lower subsoil 

(Leskiw, 1998; Yarmuch, 2003). The depth of the topsoil ranges from 0 – 20 cm, upper subsoil 

from 20 - 50 cm and lower subsoil from 50 - 100 cm. The soil layers correspond to LFH, A, B, 

BC/C horizons in natural ecosystems respectively (Leskiw, 1998). These soil cover designs are 

artificially built (Anthroposols) using salvaged materials from pre-disturbed areas within the 

mine development footprint (Yarmuch, 2003; Naeth et al., 2012). The soil cover design in oil 

sands reclamation is generally a two horizon design, consisting of the following: 

1) Topsoil (Cover soil) - Forest floor (LFH) mineral mix (FFM) and peat mineral mix 

(PMM) which are mixes of LFH or peat and a portion of underlying mineral below the 

LFH or peat materials respectively, are the dominant topsoil in oil sands reclamation soil 

cover designs (Yarmuch, 2003; Quideau et al., 2017). There is no specific soil quality 

criteria requirement for topsoil used in reclamation; however, there are specific soil 

salvage requirements for cover soil outlined in mine operating approvals to ensure that the 

soil chemical and physical properties of salvage topsoil will be adequate for reclamation. 

The topsoil is intended to represent the organic surface litter layer of uplands soils in 

the region which provides beneficial properties such as good soil structure, higher water 

holding capacity and aeration, lower root penetration resistance, increased available 

nutrients and organic matter, greater microorganism population and native plant seeds and 
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propagules (Power et al., 1979). The FFM is most like the surface soil of upland soils, 

since it was salvaged from an upland forest setting. However, there is generally an 

insufficient volume for reclamation (Prescott et al., 2000, MacKenzie and Naeth 2010, 

MacKenzie, 2013), because a large portion of the pre-disturbance landscape (~50%) was 

originally bog and fen. Therefore, PMM is an important topsoil material to make-up the 

balance of the topsoil requirements for mine reclamation (Fung and Macyk, 2000; 

Rowland et al., 2009; Hemstock et al., 2010; Pinno and Hawkes, 2015). PMM and FFM 

are preferentially salvaged and directly placed in areas ready for reclamation, but if there 

are no areas available at the time of salvage they are stockpiled. 

2) Subsoil - Subsoil is mineral soil material below surface soil layers (topsoil) and overlies the 

overburden layer which is unsuitable for reclamation. The subsoil physical and chemical 

characteristics vary depending on the parent geologic material. Subsoil ranges from coarse-

textured glacio-fluvial materials to fine-textured till and lacustrine materials (Fung and 

Macyk, 2000). The only specific soil quality criteria for subsoil reclamation material is 

electrical conductivity (≤ 5 dS m-1), sodium adsorption ratio (≤ 8) and pH (≤ 8) (AER, 

2015; Clause 1.1.2.vvv.1). In addition to the soil quality criteria, operating approvals for oil 

sands mines have specific soil salvage requirements to ensure that appropriate horizons are 

salvaged for subsoil. 

1.4. Importance of estimating sufficient soil capping depth 

Soil cover designs (i.e., horizon placement configuration and capping depth) play an 

important role in providing sufficient moisture and nutrients for vegetation growth, while also 

potentially mitigating any risks or limitations of the underlying substrate (landform). The 

ecosystem of reclaimed overburden landforms in the AOSR is predominantly an upland forest 
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with small localized wetlands in depression areas that have periodically or permanently saturated 

soil conditions. Sufficient soil moisture storage for the upland forest is determined by the 

hydrological characteristics of the soil cover design and the underlying substrate. Based on the 

soil cover design, as well as on the soil physical and chemical properties of the soil reclamation 

materials and the underlying substrate, the target native ecosystem in the region for Clearwater 

Formation overburden landforms in Mildred Lake mine operation is the “d” ecosite (Elshorbagy 

and Barbour, 2007). A native “d” ecosite is an upland forest ecosystem with a mesic soil 

moisture regime (e.g., generally moist except for short dry periods) and medium nutrient regime 

(Beckingham and Archibald, 1996). The mesic soil moisture regime requires an average soil 

profile available water holding capacity (AWHC = volumetric water content at field capacity 

(θFC) – volumetric water content at permanent wilting point (θPWP)) of 160 mm to a maximum 

depth of 1 m (CEMA, 2006). The medium nutrient regime requires soil organic carbon of 35 - 70 

Mg ha-1, total nitrogen 1.5 - 5 Mg ha-1 (natural sites) or 3 - 5 Mg ha-1 (reclaimed sites) and C:N 

ratio 15-30 (CEMA, 2006; Alberta Environment, 2010).  

The climate of the AOSR plays a key role in land capability, as water availability is a key 

driver of vegetation growth in the boreal forest. The target ecosite capability is affected by the 

sub-humid climate of the AOSR where potential evapotranspiration (PET) usually exceeds 

precipitation (P) (Prepas et al., 2001; Buttle et al., 2005) and by large inter-annual variability of 

soil water deficits (Devito et al., 2005). Hence, annual P and evapotranspiration (ET) are crucial 

factors in the forest regrowth in these regions. The soil cover design plays an important role in 

the annual P and ET balance. If P is to be effective in meeting demand from ET, it must first 

infiltrate and then be retained by the soil cover materials. The moisture retention capacity must 

be sufficient to sustain water uptake during extended periods when ET exceeds P. Therefore, a 
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sufficient amount of capping material (depth) is essential to overcome any water deficits 

particularly during the plant growing season in a low P environment.   

One of the greatest reclamation costs for oil sands mine operations is the salvage and 

placement of soil reclamation materials (Elshorbagy et al., 2006; Kessler et al., 2010). Due to the 

large scale of an oil sands mine operation, even small increases or decreases in the placement 

thickness depth can have a significant effect on the reclamation costs. There may also only be a 

finite amount (volume) of suitable soil material available for reclamation. Therefore, oil sands 

mining operations strive for an optimal soil cover design (depth) that meets the intended 

reclamation targets, mitigates any risk(s) or limitation(s) of the landform substrate, while 

considering the range of climate conditions in the region. Currently, a minimum cover depth of 

100 cm is mandated by the Alberta Environment to reclaim areas with saline-sodic Clearwater 

Formation overburden. The permit issued to Syncrude Canada Ltd. (SCL) to reclaim recent 

overburden areas require placement of 50 cm of suitable overburden (non-saline sodic) prior to 

placement of 50 cm of cover soil to achieve the mandated 100 cm total depth (Alberta Energy 

Regulator, 2015; Clause 6.1.34). This minimum soil cover depth requirement is based on 

approximately two decades of research at Syncrude’s Mildred Lake mine. Research and 

monitoring continues on Clearwater Formation overburden reclamation to validate and 

potentially refine the soil reclamation cover design and strategies for Clearwater Formation 

overburden reclamation. 

1.5. Modelling short and long-term productivity in reclaimed landforms  

Following mining and reclamation, processes and functional connections of carbon, water 

(Elshorbagy et al., 2005) and nutrient cycling are disturbed and a period of time is required to 

restore ecosystem processes and connections to an acceptable level. Research and monitoring of 
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key soil attributes such as AWHC, salinity and available nutrients are conducted to determine 

whether reclaimed areas have achieved the expected ecosystem properties after reclamation. 

Although instrumentation and field studies can be used to measure short-term effects of soil 

physical, chemical and biological attributes on water and nutrient availability and salinity and 

hence plant productivity, they are expensive, can disturb the sites and the findings are often 

discontinuous and site-specific (Gower et al., 2001; Randerson et al., 2002; Huang et al., 2013). 

One of major limitations to assess long-term reclamation success is the stand age of most 

reclaimed areas have not reached an appropriate age or stage for assessment. Also assessing 

long-term effects with short-term data is not an easy task under variable climate conditions 

(Elshorbagy and Barbour, 2007). Therefore, reclamation efforts of oil sand closure landscapes 

need long-term forecasts of these main soil attributes and their effects on ecosystem productivity 

over an appropriate reclamation period.  

Measured environmental attributes of a reclamation site can be used to parameterize and 

validate ecosystem models that can simulate key ecosystem processes that govern plant 

productivity during reclamation. A rigorous modeling effort based on fundamental processes 

governing water, energy, ionic solutes and nutrients through the soil-microbe-root-canopy-

atmosphere system can provide an opportunity for both a short and a long-term forecast of plant 

productivity (Grant, 2001, 2014). Such forecasts might help to determine the optimum depths of 

cover materials and thereby improve reclamation design and strategies for future reclamation 

(Elshorbagy et al., 2006).  

1.6. Importance of the current study 

Although several modelling approaches have been conducted for water and salt dynamics 

of Clearwater overburden reclamation by Shurniak and Barbour (2002), Elshorbagy et al. (2005), 
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Elshorbagy and Barbour (2007), Keshta et al. (2010) and Huang et al. (2015a,b), more 

comprehensive modelling approaches with coupled transformations of water, soluble salts, 

nutrients, carbon and energy in soil-plant-atmosphere systems have not yet been attempted. Such 

an approach is important because it may contribute to an integrated understanding of these key 

transformations and their interactions in reclained landforms that has not been established 

through conceptual and empirical modelling nor through field and lab experiments. This 

modelling approach could enable us to determine the effects of long-term nutrient limitations or 

of climate change on plant productivity in reclaimed landforms which have not been addressed in 

any earlier study of which we are aware. Therefore in this study we have used a more 

comprehensive process-based terrestrial ecosystem model, Ecosys (Grant, 2015) to address these 

knowledge gaps and to assist the oil sands industry and regulators to improve cover designs and 

long-term reclamation strategies.  

Ecosys represents multiple soil and canopy layers in soil-microbe-root-canopy–atmosphere 

systems at three-dimensional scales. The model simulates physical, chemical and biological 

processes in natural and disturbed ecosystems through coupled processes for transfers and 

transformations of heat, water, carbon, oxygen, nitrogen and phosphorous cycles (Grant, 2001) 

using site-independent algorithms (Mezbahuddin et al., 2014) to achieve realistic landscape-scale 

predictions of productivity under a wide range of site conditions. To date ecosys has not been 

used to model ecosystem processes in novel ecosystems undergoing reclamation. However, the 

model has been extensively tested against several experiments on the effects of disturbance 

(Grant et al., 2007b,c; 2010), drought (Grant et al., 2006a,b; Grant and Flanagan, 2007; Grant et 

al., 2009a,b; Sulman et al., 2012; Mezbahuddin et al., 2015), salinity (Grant, 1995), nitrogen 

transformations (Grant et al., 1993; Grant, 1995, 1998; Grant et al., 2010; Grant, 2013, 2014; 
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Mezbahuddin et al., 2017; Mekonnen et al., 2018b) and warming on ecosystem productivity 

(Grant et al., (2003, 2009a, 2009b, 2010, 2011); Grant, (2013, 2014); Grant et al., 2015; 

Mekonnen et al., (2016, 2018a,b)) over a wide range of soils, landscapes, disturbances, 

fertilization and climatic conditions. Therefore, ecosys was used to understand the processes and 

functional connections of water, soluble salts, nutrients (N and P) and carbon cycling in 

reclaimed landscapes thereby to achieve integrated assessment of key factors helping to predict 

the short and long-term changes in plant productivity under current climate and climate change 

in different cover depths constructed on hill reclaimed landform. 

1.7. Overview of the studies 

This study was conducted to understand and quantify the effects of soil reclamation cover 

depth on short and long-term plant productivity in fine textured reclaimed landforms on a slope 

constructed over Clearwater formation overburden in the oil sands region of Alberta. Three main 

soil attributes determined by cover depth that govern plant productivity in reclaimed areas 

(available water holding capacity, salinity and nitrogen (N) availability (CEMA, 2006; Kelln et 

al., 2009; Alberta Environment, 2010)) were used to evaluate the effects of cover depth on short 

and long-term plant productivity. A comprehensive terrestrial ecosystem model ecosys (Grant, 

2001, 2014; Grant et al., 2012) was used to simulate effects of cover depth on soil moisture 

availability, salinity, N availability and thereby plant productivity. The modeling study was 

conducted for  a 17-year-old capping research trial with three different reclamation covers (35 

cm, 50 cm and 100 cm) on a saline sodic (Clearwater Formation) overburden dump referred as 

South Bison Hills (SBH), located on the Syncrude Canada Ltd. Mildred Lake mine site in 

northern Alberta (Canada). Information for weather, site management and soil properties were 

used to initialize and run ecosys for the three reclamation covers at SBH. Each reclamation cover 
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was represented in the model as a transect of six interconnected grid cells each of which had a 

dimension of 50 m x 40 m. Five grid cells represented the slopes and one grid cell represented 

the level area above the slope adjacent to the capping trial study area.  

The sub-humid climate in the AOSR limits plant growth particularly during dry years. 

Thus effects of soil moisture, salinity and N on net primary productivity (NPP) and plant growth 

were examined during wet, intermediate and dry years after the sites reached over-story crown 

closure in approximately 2010 to understand the responses of cover depths under different 

climatic conditions. Since portions of overburden landforms have slopes of 10 to 20%, effects of 

different slope positions on these effects were also examined.  

In Chapter 2 we explored whether the model can be used to forecast short and long-term 

effects of soil moisture availability in different reclamation covers on tree water-use and 

productivity in these constructed landforms. Then the model was used to estimate the cover 

depth required to provide a sufficient amount of water for plant growth in these reclaimed sites 

particularly during dry years. Key hypotheses that govern soil water availability, plant water 

uptake and thereby NPP and plant growth were modelled and tested against measured soil 

moisture content, rooting depth, tree water-use, leaf area and aboveground biomass production 

with three soil cover depths, particularly after sites reached over-story crown closure. 

In Chapter 3 we described the dynamics of salinity within root zone of each cover during 

the 17 years after reclamation. The effects of salt concentration within root zone of each cover on 

plant productivity were described using a model run with saline sodic overburden, as well as a 

sensitivity run in the absence of saline sodic overburden. Key hypotheses that govern the solute 

fluxes and solute transformations and their effects on NPP were modelled and tested against field 
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measured electrical conductivity and aboveground biomass production with three soil cover 

depths. 

In Chapter 4 we examined soil N dynamics and plant N uptake in the three reclaimed 

covers. Modelled N mineralization, N uptake, relationship between N uptake and plant 

productivity, foliar and litterfall N concentrations were examined in reclaimed sites particularly 

after the sites reached over-story crown closure to explore the effect of total nitrogen as 

determined by the cover depth on plant productivity. Key hypotheses that govern N 

mineralization, uptake and their effects on NPP and N return to soil were modelled and tested 

against field measured soil, foliar and surface litter N concentrations and biomass production in 

three soil cover depths. 

In Chapter 5, projections were made with seven hypothetical cover depths together with 

the three constructed cover depths to estimate the threshold AWHC as determined by cover 

depth which achieves 95% of maximum NPP at SBH and/or similar average NPP of the target 

boreal mixed-wood forest. In Chapters 2, 3 and 4 we examined the short-term effects of cover 

depth on plant productivity in reclaimed landforms. However, the long-term effect of 

reclamation on the ecosystem productivity under future climate is crucial. Thus in Chapter 5, we 

forecasted changes in plant productivity and aboveground biomass growth to 2100 in each 

constructed cover with future warming under a RCP 8.5 climate change scenario. These 

forecastswere compared with those in a similar age natural forest in the region regenerating after 

a stand replacing fire to determine long-term reclamation success in constructed reclaimed sites.  

Finally, the results, uncertainties in model estimates and implications of all the four study 

chapters were summarized in Chapter 6.  
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Chapter 2 

Modelling hydrological characteristics and plant water-use efficiency as 

affected by soil cover depth in reclaimed forestlands of Northern Alberta 

2.1. Introduction 

Available soil water holding capacity (AWHC) is a key soil factor in any landscape as it 

determines infiltration, soil water retention, plant water uptake, runoff and subsurface water 

flows; particularly in topographically variable landscapes. Vegetation survival and growth, 

especially in dry climates, are governed by soil water retention as it controls plant water relations 

and carbon dioxide fixation (Horton and Hart, 1998). Therefore, quantifying AWHC, water 

movements through soil materials and plant water-use is essential for understanding how to 

sustain ecosystems. 

Landscapes reconstructed after open-pit mining provide an opportunity to explore soil-

plant-water relationships since there is a relatively detailed record of the landform and soil 

reclamation material characteristics and construction techniques. During reconstruction, the 

landforms are built with overburden materials or tailings wastes, which are generally considered 

unsuitable for plant growth. Often these landforms include hill structures with long and steep 

slopes. After the landforms are built, the overburden structures are covered with salvaged cover 

soil materials (subsoil and topsoil) that are suitable as a rooting medium, can support plant 

establishment and growth. For that the cover materials need to provide a sufficient amount of 

moisture and nutrients to sustain plant growth even during times of low resource availability; 

e.g., drought (Boese, 2003), while successfully isolating the root zone from potentially limiting 

conditions in the overburden material. 
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The properties and thicknesses of these cover materials and the underlying substrate that is 

being reclaimed determine resource availability. The hydrological properties of the cover 

materials are important drivers of water availability. These include composition (organic vs. 

mineral components) and texture as they affect water retention and hence AWHC (Keshta et al., 

2010; Huang et al., 2011). Furthermore, landscape position will play a significant role since it 

affects water movement along slopes and thereby available soil water content (ASWC). 

Therefore, understanding changes in soil moisture retention in different covers is very important 

to understand the survival and growth of plants, particularly under long drought periods which 

may occur due to future climate change. Even though water retention capacity increases with 

cover depth, there is uncertainty on the effect of climatic variability on soil water retention and 

thereby on transpiration and aboveground carbon biomass production on sloping landscapes with 

different cover depths.  

Monitoring the key soil attributes including AWHC, bulk density which determines 

saturated hydraulic conductivity (Ksat) and porosity, salinity, and available nutrients is important 

to understand how reclaimed areas are functioning hydrologically. Although instrumentation and 

field studies can be used to measure short-term effects of soil physical, chemical and biological 

attributes on water retention and thereby productivity, they can be expensive, destructive and 

findings are often discontinuous and site-specific (Gower et al., 2001; Randerson et al., 2002; 

Huang et al., 2013). A rigorous modeling effort based on fundamental processes governing 

water, energy, ionic solutes and nutrients through the soil-microbe-root-canopy-atmosphere 

system can provide both a short and a long-term forecast of plant productivity (Grant, 2001, 

2014) and might help guide the application depths of cover materials. 
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Lower AWHC in shallow covers reduces the soil moisture content (), particularly during 

drier periods (Huang et al., 2015a). This reduces the soil water potential (s) and consequently 

canopy water potential (c), and thereby increases canopy stomatal resistance (rc) (Grant et al., 

1999). Greater rc reduces CO2 diffusion and carboxylation, and thereby CO2 fixation and plant 

growth. These processes can be used to determine the changes in transpiration with increased 

AWHC in reclaimed covers that are difficult to do by field studies. All of these processes are 

explicitly modelled in the comprehensive terrestrial ecosystem model ecosys (Grant, 2001, 2014; 

Grant et al., 2012) which therefore does not need to be calibrated for the study site as required 

for most other numerical models. The ability of ecosys to capture effects of soil drying on 

ecosystem productivity have been rigorously tested against  and energy and CO2 fluxes 

measured over a wide range of climatic and site conditions: e.g. modelling of  changes as 

measured by time domain reflectometry (TDR) and changes in evapotranspiration (ET) and CO2 

fluxes as measured by eddy covariance during the 2001 – 2003 drought at several boreal forests 

(Grant et al., 2006a), water stress effects on CO2 and energy exchange in temperate and boreal 

deciduous forests (Grant et al., 2006b), effects of water deficits on energy exchange and CO2 

fixation in a semiarid grassland (Grant and Flanagan, 2007), effect of regional weather patterns 

on net ecosystem productivity (NEP) of Canadian forests (Grant et al., 2009a), effect of changes 

in temperature on NEP of boreal black spruce stands (Grant et al., 2009b), effect of hydrological 

variations of peatland on CO2 fluxes (Sulman et al., 2012) and seasonal water stress in tropical 

peatlands (Mezbahuddin et al., 2015).  

An opportunity to test model hypotheses for depth effects on hydrological functioning of 

reclamation covers was offered by a research project with three different reclamation covers on a 

large saline sodic overburden dump referred as South Bison Hills (SBH) at the Syncrude mine 
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site in northern Alberta (Canada). Various field and modelling studies have been conducted at 

this site by Shurniak and Barbour (2002), Elshorbagy et al. (2005), Elshorbagy and Barbour 

(2007), Kelln et al. (2007), Keshta et al. (2010) and Meiers et al. (2011). These studies focused 

on the effect of cover depths on soil moisture storage and soil water movements rather than on 

water uptake and vegetation growth, because the vegetation had not reached an appropriate level 

of maturity. The forest stand has now reached an acceptable age that studies have now begun to 

assess the overall effect of cover material depths on long-term water balance (Huang et al., 

2015a) and forest growth indices (Huang et al., 2011, 2013). 

To date ecosys has not been used to model ecosystem processes in novel ecosystems 

undergoing reclamation. Building on previous studies, ecosys was used: (1) to understand and 

quantify the relationship between AWHC and transpiration as determined by cover depths, (2) to 

understand and quantify the relationship between transpiration and growth with different 

reclamation cover depths, and (3) to estimate the minimum cover depth required to provide 

sufficient amount of water for upland plant growth while stabilizing downstream water 

movement. 

2.2. Methods 

2.2.1. General model description 

Ecosys is a comprehensive mathematical model that has the ability to represent multiple 

soil and canopy layers in soil-microbe-canopy–atmosphere systems at three-dimensional scales. 

The model simulates physical, chemical and biological processes in natural and disturbed 

terrestrial ecosystems through the acquisition, transformation and transfer of radiation, water, 

carbon (C), oxygen, nitrogen and phosphorous (Grant, 2001) and includes site-independent 

algorithms for all the processes (Mezbahuddin et al., 2014) needed to achieve realistic landscape-
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scale predictions of productivity under a wide range of site conditions without prior calibration. 

The key parameters and algorithms used in ecosys were described in Grant (2001; 2014) and 

Grant et al. (2012) and remain unchanged from those used in earlier studies cited above. The 

major algorithms that govern the lateral and vertical water movements and thereby ASWC, root 

growth and water uptake, transpiration and their effects on NPP in ecosys are given below with 

reference to supporting equations given in appendices A to D in the Supplement. 

2.2.1.1. Energy flux, canopy water potential and gross primary productivity (GPP) as 

affected by soil water content 

In ecosys, transfers of water and heat occur through a multi-layered, multi-population soil-

root-canopy system driven by first order closures of energy balances at canopy, snow (if 

present), litter and soil surfaces. Canopy temperature (Tc) for each plant population is achieved 

through the first-order closure of canopy energy balance (equation (1)) (Grant et al., 1999) in 

which aerodynamic resistance (ra) and rc regulate the heat and transpiration fluxes. 

Rnci + LEci + Hci + Gci= 0       (1) 

where: subscript i = species or plant functional type (PFT); Rnci = canopy net radiation (W m-2), 

LEci= latent heat flux between canopy and atmosphere (W m-2), Hci = canopy sensible heat flux 

(W m-2), Gci = canopy storage heat flux (W m-2). 

The transpiration flux (Eci) in equation (1) is coupled to total plant water uptake (Uc) which 

is calculated from the difference between c and s across soil and root hydraulic resistances (s 

and r respectively) in each rooted soil layer (equation (2)). These calculations determine the 

transpiration from canopy surfaces and thereby water removal from soil profiles through the 

roots. 
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   (ea – ei(Tci))/(rai+ rci)= ΣlΣr(ci - sl)/(si,r,l+ ri,r,l+ Σxai,r,l,x) + cici/t  (2) 

where: subscripts l = soil layer, r = root or mycorrhizae, x = 1 (primary root) or 2 (secondary root 

or mycorrhizae); ea = atmospheric vapor density at air temperature (Ta) and ambient humidity (g 

m-3), ei(Tci) = canopy vapor density at Tci (g m-3), Tci = canopy temperature (K), rai = 

aerodynamic resistance to vapor flux from canopy (s m-1), rci = canopy stomatal resistance to 

vapor flux (s m-1), cicanopy water potential + canopy gravitational potentialMPa), 

slsoil water potential (MPa), si,r,l = radial resistance to water transport from soil to surface 

of roots or mycorrhizae (MPa h m-1), ri,r,l = radial resistance to water transport from surface to 

axis of roots or mycorrhizae (MPa h m-1), ai,r,l,x = axial resistance to water transport along axes 

of primary or secondary roots or mycorrhizae (MPa h m-1), all calculated from root lengths and 

surface areas,ci = canopy capacitance (m3 m-2 MPa-1), t = time (h). 

In soil water systems, s (equation (3)) is calculated by adding soil matric potential (m) 

depending on , soil osmotic potential (calculated from soil salt concentrations and 

gravitational potentials (g) calculated from elevation (Grant, 1995).  

s = m + g       (3) 

In ecosys, m is calculated by log-transforming a Campbell equation (Campbell, 1974) 

considering θ and θFC (soil water content at field capacity (FC)). During soil drying, lower θ 

decreases m, which subsequently lower s thereby Uc. 

The modelled root system governs Uc through the effects of root length density (RLD) on 

hydraulic resistance terms in equation (2) and thereby transpiration and productivity. In ecosys, 

the root system is represented by vertical primary axes, and horizontal secondary axes emerged 

from primary axes in each rooted soil layer of each plant species (Grant, 1993). Root growth is 



18 

 

driven by transfer of nonstructural C from shoots to roots modelled from shoot-root 

concentration gradients determined by shoot production vs. root assimilation in each layer, and 

from root sink strength determined by distance of each root layer from canopy sources. Root 

growth is calculated from assimilation in primary and secondary axes according to root growth 

yields [C20b, C21b], controlled by root water potential (r) which determines the root turgor, by 

O2 and nutrient uptake, and by soil resistance to root penetration (Grant, 1998). Hence, RLD 

determined by the plant CO2 fixation as affected by AWHC. 

Lower s and Uc decrease c which is the sum of osmotic () and turgor potentials (t) 

(equation (4)) where t decreases with c during soil drying according to the  (Grant et al., 

1999; Grant et al., 2007c). 

ti = ci -      (4) 

 

where:t = canopy turgor potential (MPa),  = canopy osmotic potential (MPa). 

Lower t drives stomatal closure as rc is minimum (rcmin) when c = zero, and rises 

exponentially with declining t (equation (5)).  

rci = rcmini + (rcmaxi – rcmini)e(-ti)   (5) 

where: rcmin = minimum rc at c = 0 MPa (s m-1), rcmax = canopy cuticular resistance to vapor flux 

(=5.0 × 103 s m-1) [Larcher, 2003], β = stomatal resistance shape parameter (= -5 MPa-1) [Grant 

and Flanagan, 2007]. 

Increased rc or decreased canopy stomatal conductance (gc= 1/rc) reduces CO2 diffusion 

into the leaves (equation (6)), and thereby CO2 fixation [C3, C6a]. 

 Vgi,j,k,l,m,n,o = (Cb – Cii,j,k,l,m,n,o) / rli,j,k,l,m,n,o   (6) 
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where: subscripts j =branch or tiller, k = node, l = canopy layer, m = leaf azimuth, n = leaf 

inclination, o = leaf exposure (sunlit vs. shaded);Vg = leaf CO2 diffusion rate (μmol m-2 s-1), Cb = 

[CO2] in canopy air (μmol mol-1), Ci = [CO2] in canopy leaves (μmol mol-1), rl = leaf stomatal 

resistance (s m-1). 

Canopy carboxylation rates (Vc) [C3] are coupled with CO2 diffusion rates (Vg) (equation 

(6)) by solving for a common value of Ci, and so are calculated from stomatal effects on 

diffusion and non-stomatal water stress effect fon CO2 and light limited carboxylation Vb 

[C6a] (Grant and Flanagan, 2007). Lower GPP and thereby net primary productivity (NPP = 

GPP- autotrophic respiration (Ra)) are thus obtained with lower s andc. 

In ecosys, growth of internodes, petioles and leaves is driven by Ra and consequent 

assimilation of non-structural carbon from Vc according to organ growth yield as well as by non-

structural nitrogen, and phosphorous from root uptake. Leaf area expansion of different PFTs is 

controlled by leaf mass growth, leaf area:mass ratio and t [C21a]. 

Lower ASWC in shallow covers reduces the s during drier months due to decreasing 

from increased . As s decreases, soil K decreases. Lower s slow down root water uptake, 

c and hence t to decrease more rapidly with drying, which increases rc and hence reduces 

transpiration and CO2 fixation. This causes more plant water stress in shallow covers especially 

during drier months and years resulting in slower plant growth, Leaf Area Index (LAI), and 

thereby RLD.  

2.2.1.2. Soil water transfers 

In ecosys, precipitation (P) is considered as an input to the model. The difference between 

rates of P and infiltration influence the value of surface ponded water depth that drives runoff 
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(Grant et al., 2004). Precipitation in excess of ET plus infiltration, both of which increase with 

AWHC, will generate surface water ponding and eventually runoff. The surface runoff among 

the grid cells and across lateral boundaries is modelled using the Manning equation [D1a]. The 

velocity of surface water flow [D3] depends on the surface geometry [D5a] and slope [D5b], and 

surface water depth [D2] and is calculated from kinematic wave theory [D4]. Lateral snow 

transfer is modelled from elevational differences between snowpack surfaces in adjacent grid 

cells [D1b]. The rates and directions of water movements in the soil are driven by water potential 

gradients and governed by soil hydrological properties, and occur through micropores (saturated 

or unsaturated water flows) and macropores. Vertical and lateral subsurface water fluxes through 

soil matrices/micropores [D7] are calculated by multiplying hydraulic conductance (Green and 

Corey, 1971) by water potential differences using Richard’s equation [D9a] and Green-Ampt 

equation [D9b] for unsaturated and saturated conditions respectively (Grant, 2004). Macropore 

water flow is also modelled in all dimensions from gravimetric water potential gradients using 

Poiseuille-Hagen theory based on input values for the fraction of soil volume occupied by 

macropores in which water is unaffected by matric forces (Dimitrov et al., 2010). 

Lateral subsurface discharge is calculated as gravity-driven flow from micropores and 

macropores in lateral boundary cells of the landscape to an assumed external water table, the 

depth of which is prescribed. Subsurface discharge is thus driven by lateral hydraulic 

conductivities of micropores and macropores in the boundary grid cells, and by elevation 

differences between the boundary grid cells and the external water table [D10] as described 

further in Mezbahuddin et al. (2015) and Mezbahuddin et al. (2016). 

The soil cover depth influences soil moisture storage and thereby runoff and interflow. At 

the cover and overburden interface, infiltrated water not taken up by plants accumulates because 



21 

 

overburden has low K. Water accumulated in excess of AWHC flows laterally (interflow) to the 

bottom of the landscape and is then discharged. When cover depth and hence AWHC is small, 

more water accumulates at the interface than in thicker covers. Therefore shallow covers have 

more runoff + interflow during periods when P > ET and AWHC is exceeded. More runoff and 

interflow during these periods leaves less water to sustain uptake during subsequent periods 

when P < ET and soil moisture storage declines below θPWP (soil water content at permanent 

wilting point (PWP)) so that vegetation may experience water stress more rapidly. Declines in 

ASWC with ET will be more rapid in shallow covers with smaller AWHC. 

2.2.2. Site description 

2.2.2.1. Climate 

Modelled outputs were tested against field data from a research watershed located at SBH 

(56°59'44.38"N, 111°37'12.09"W) at the south edge of the Syncrude Canada Ltd. Mildred Lake 

mine, approximately 40 km north of Fort McMurray, in northeastern Alberta. Mean annual P 

(1981-2010) of the area is 418.6 mm (Environment Canada, 2014) of which approximately 70% 

occurs as rainfall and 30% as snowfall (Boese, 2003). Mean monthly temperature ranges 

between -17.4 °C (January) and 17.1 °C (July) and the mean annual temperature is 1.0 °C 

(Environment Canada, 2014). This climate is characterized as sub-humid continental (Koppen 

Classification) with short summers and long cold winters (Kelln et al., 2007).  

2.2.2.2. Experimental site 

The SBH site was selected for this study as it contains an instrumented trial constructed on 

saline sodic overburden with three different reclamation cover depths. The total height of the 

SBH overburden dump is 90 m, the surface of which is approximately 40 m above the pre-
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disturbance elevation (Meiers, 2002). The slope of the overburden dump was designed with a 1:5 

(20%) incline and final overburden placement occurred in 1996 (Boese, 2003). After 

construction of the SBH dump, reclamation cover materials were placed over the overburden 

during the 1999 winter period. Three different reclamation covers (soil caps) were used along the 

north facing slope of the dump, each with an area of approximately 1 ha (200 m long and 50 m 

wide) (Hilderman, 2011). As shown in Figure 2.1(a) each cover consisted of a layer of salvaged 

peat-mineral mix (PMM) underlain by a layer of subsoil material (glacial till deposits) with 

varying thicknesses over the overburden (cretaceous shale) (Boese, 2003) as follows: 

• 35 cm - 20 cm of subsoil overlain by 15 cm of PMM 

• 50 cm - 30 cm of subsoil overlain by 20 cm of PMM 

• 100 cm - 80 cm subsoil overlain by 20 cm of PMM 

The key physical and hydrological properties of PMM, subsoil and overburden materials 

are given in Table 2.1. The AWHC changes according to the reclamation materials, calculated as 

field measured volumetric water content at field capacity minus permanent wilting point, was 

highest in PMM, followed by subsoil and overburden. The estimated AWHC with Land 

Capability Classification System (LCCS) multipliers for the 35 cm, 50 cm and 100 cm covers 

were 58 mm, 82 mm and 162 mm, respectively (CEMA, 2006).  

 

2.2.2.3. Forest reclamation program 

In the spring of 1999, barley was seeded with a density of 25 kg ha-1 in each plot to reduce 

erosion and to stabilize the slope in the first year after soil placement. Fertilizer was applied prior 

to tree planting in the fall of 1999 at 35 kg N ha-1, 46 kg P ha-1, 44 kg K ha-1 and 14 kg S ha-1 

(Lanoue, 2003; Garrah et al., 2013). White spruce (Picea glauca (Moench) Voss) and trembling 

aspen (Populus tremuloides Michx.) seedlings were then planted in alternate rows (Hilderman, 
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2011) in each cover with a total density of 1600 stems ha-1 (50:50 mix of aspen and spruce). In 

2007, ingress (volunteer) aspen and willow emerged at an average density of 20000 ha-1 in mid 

and lower slopes and 10000 ha-1 in upper slope positions (Drozdowksi et al., 2014). 

2.2.3. Field data collection  

2.2.3.1. Weather 

Solar radiation, maximum and minimum air temperatures, P, wind speed, and relative 

humidity were recorded daily from January1, 1999 to December 31, 2015. All the other 

measurements were taken from the SBH weather station on the mid-slope of the 35 cm cover, 

except winter P and solar radiation. There was uncertainty in the accuracy of the P data in some 

data collection years, hence, the winter P (October 1 to March 31 every year) and solar radiation 

until 2006 (January 1 to December 31 every year) were taken from the Fort McMurray airport 

weather station located approximately 40 km south from the site. Winter P and solar radiation 

from 2007 were taken from the Mildred Lake airport weather station (built in 2007) located 

approximately 6 km northeast of the study site. These daily data were read into ecosys where 

they were resolved into hourly values to match the hourly time step at which the model 

functions. 

2.2.3.2. Hydrology  

SBH is an instrumented watershed, and the details of the installation of all the instruments 

were described in Boese (2003). Both the θ and m were measured using time domain 

reflectometry (TDR) probes and CS 229 sensors respectively at the middle slope position of each 

cover along the cover profile up to an upper section of the overburden from 1999 to 2015. 

However, data were missing for some years due to temporary instrument failures. Values for  in 
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the 50 cm cover were available only up to 2006 due to failure after re-installation of instruments 

in 2007 (O’Kane Consultants Inc., 2012a). These θ and m data were collected from the 

proprietary Syncrude watershed database and were used to derive key soil properties or to 

validate model outputs and thereby to test the modelled effect of cover depth on soil water 

storage.  

2.2.3.3. Root density and depth  

Root samples were collected by North Wind Land Resources Inc. in October 2013, along 

three transects at SBH reclamation covers to determine the effect of cover depth on rooting 

distribution. Six cores were collected up to a depth of 30 cm below the cover-overburden 

interface using a Riverside auger at each site. The collected samples were stored in a freezer at -4 

0C, then thawed and washed to acquire roots. Individual roots were manually picked and oven-

dried at 40 0C for 48 hrs. Then all roots were weighed on a per core basis, and root biomass 

density was calculated for each sampling point (Northwind Land Resources Inc., 2014; Van 

Rees, 2014). A full description of sampling locations and methodology, and of root extraction 

can be found in reports from Northwind Land Resources Inc. (2014) and Van Rees (2014). Root 

density data were used to test modelled root densities and thereby to understand the effect of 

cover depth on root growth and soil water uptake by the vegetation. 

2.2.3.4. Sap flow 

Sap flow data from planted trees in 35 cm and 100 cm covers were collected by the 

Landhäusser research group using the Heat Ratio Method (Burgess et al., 2001; Bleby et al., 

2004) during the growing seasons of 2014 and 2015. Sap flow probe sets (ICT International, 

Armidale, NSW, Australia) were installed in randomly selected trees (Burgess et al., 2001). In 

summer 2014 and 2015, sap flux was measured from 18 aspen and 18 spruce trees in lower and 
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upper slope positions of the 35 cm cover. For the 100 cm cover, sap flux was measured from 

nine aspen and nine spruce trees in the lower slope position during 2014 and upper slope position 

during 2015. Sap flow data were recorded at 10-min. interval and these values were corrected for 

wounding, wood thermodiffusivity properties and for zero flow periods as described by Burgess 

et al. (2001) using Sap Flow Tool software (ICT International, 2017). The sap flow velocities 

were summarized hourly (cm h-1). Then the average individual tree sap flow data were converted 

to sap flow per unit ground area by multiplying wound-corrected sap flow velocity by the stand 

sap wood area to ground area ratio (SA). The SA was calculated using the product of basal area 

to ground area ratio of tree stems and the fraction of basal area occupied by sapwood as 

described by Hogg and Hurdle (1997). These sap flow per unit ground area values were used to 

test modelled water uptake per unit ground area and thereby to determine the effect of cover 

depth on plant water relations. 

2.2.3.5. Leaf Area Index 

Total site LAI was measured in August 2015 at the upper and lower positions in 35 cm and 

100 cm covers by the Landhäusser research group using a LAI-2200C plant canopy analyzer (LI-

COR Inc., Lincoln, Nebraska, USA). These LAIs were used to test the modelled LAIs in each 

cover and thereby to determine the effect of cover depth on plant water relations, growth and 

thereby NPP. 

2.2.3.6. Aboveground biomass  

Aboveground carbon biomasses were estimated by Macyk et al. (2009) and Drozdowksi et 

al. (2011, 2014) for planted aspen and white spruce trees in 35 cm, 50 cm and 100 cm covers. 

The height and stem diameters at root collar and 1.3 m height of planted trees were collected 

annually (2007 - 2013) in 10 m x 10 m permanent sampling plots which were established in 
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upper, middle and lower slope positions of all the reclamation covers in 2007 (Macyk et al., 

2009; Drozdowksi et al., 2011, 2014). The aboveground carbon biomass values for each species 

were estimated using allometric equations based on measured breast height and basal tree 

diameters in the sampling plots and species-specific density and expansion factors for branch and 

leaf/needles developed for Alberta species (Alberta Environment, 2007). These data were used to 

validate the modelled aboveground carbon biomass and thereby to understand the effect of cover 

depth on NPP. 

2.2.4. Model Experiment: South Bison Hill reclamation site as represented in ecosys model 

runs 

2.2.4.1. Landscape 

The information for site management and soil properties collected during 1999 and 2000, 

were used to construct the input files used to initialize ecosys for SBH. These inputs represent 

the actual field characteristics which include site, climate, and plant and soil management data 

used by ecosys to simulate basic physical, chemical, and biological processes. Each reclamation 

cover was represented in the model as a transect of six interconnected grid cells each of which 

had a dimension of 50 m x 40 m. Five grid cells represented the slopes as shown in Figure 2.1(b) 

and one grid cell represented the level area above the slope corresponding to the landscape at 

SBH. All the input data (site, climate, soil properties, soil and plant management) were the same 

among reclamation covers except cover depths as described in Section 2.2.2.  

2.2.4.2. Soil properties 

Descriptions of soil physical and chemical conditions at the SBH site were obtained from 

earlier studies done by Macyk (1999), Meiers (2002) and Yarmuch (2003), while soil biological 
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data were taken from a study done by Lanoue (2003). The θFC and θPWP for PMM, subsoil and 

overburden (Table 2.1) were derived from water desorption curves developed using measured θ 

vs. m data. Ksat values (Table 2.1) reported by Meiers et al. (2011) were used as inputs from 

which the model calculated unsaturated values (Grant et al., 2004). The external water table 

depth at the bottom of each transect was set to 2.5 m below that of the 100 cm cover. These 

inputs to the model were used to drive functions for soil water movement. The three horizons of 

the soil profile (PMM, subsoil and upper overburden; Figure 2.1(a)) were subdivided into 15, 16 

and 19 soil layers for the 35cm, 50 cm and 100 cm capping depths, respectively, to increase 

spatial resolution and enable comparison of  with measured values. The overburden depth in 

each reclamation cover was set to a constant value (3 m) to model water movements to/from the 

overburden. The root studies (Karst and Landhäusser, 2014; Van Rees, 2014) that had been 

conducted in the study area showed that a very small fraction of roots penetrated into the 

overburden relative to the above soil reclamation cover, most of which were within 25 cm below 

the cover-overburden interface. Soil resistance equations used in the model for root growth in 

crops by Da Silva and Kay (1997) and Chen and Weil (2011) did not limit root penetration into 

overburden in the model as much as was observed. Therefore, a maximum rooting depth of 25 

cm below the subsoil-overburden interface was chosen for each soil cover treatment.  

2.2.4.3. Land management 

Barley was seeded (spring 1999) and fertilizer application was modelled as practiced in the 

field (fall 1999) which was described under the forest reclamation program in Section 2.2.3. 

Aspen and white spruce PFTs were planted at the densities described in the Section 2.2.3. Grass 

and clover PFTs were seeded in each grid cell as ground cover species. In 2007, ingress plants 
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were planted at as the density described under Section 2.2.3. The model was run for 17 years 

(1999 - 2015) using the daily weather data described in Section 2.3.1. 

2.2.4.4. Model validation 

To test the accuracy with which ecosys simulated water infiltration from precipitation and 

water removal from evaporation, transpiration (Eqn. 2), runoff [D1a] and subsurface discharge 

[D10] in the different capping treatments, modelled θ from the depths corresponding to those of 

TDR probe measurements were regressed on θ measured daily by TDR probes in 35 cm and 100 

cm covers from 2011 to 2015. Both modelled and measured total soil moisture storage in each 

cover were estimated by adding the products of θ and layer thickness for each soil layer down to 

the cover-overburden interface. The modelled total water storage in 35 cm and 100 cm covers 

was regressed on total water storage estimated from measured θ. Modelled water removal 

through uptake was directly tested by regressing hourly averages of aspen and spruce sap flow 

against the modelled hourly water uptake (Eqn. 2) from the 35 cm cover at upper and lower slope 

positions (2014 and 2015), and from the 100 cm cover at lower slope (2014) and upper slope 

(2015) positions. Accuracy of the simulations were evaluated from the mean absolute relative 

error (MARE) calculated using equation (7), and from regression intercepts (𝑎→0), slopes 

(b→1), coefficients of determination (R2→1), root mean squares for difference (RMSD→0) 

from regressions of modelled on measured θ, modelled on estimated total water storage, and 

measured sap flow on modelled water uptake. RMSDs from sap flow regressions were compared 

with root-mean-squares for error (RMSE) of aspen (n = 9) and spruce (n = 9) sap flow 

measurements. 
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MARE =
∑|

𝑬𝒊−𝑺𝒊

𝑬𝒊
|

𝑛
    (7) 

where: Ei is the estimated total soil moisture using TDR data at every time step, Si is the 

simulated value, and n is the total number of data points (Elshorbagy et al., 2007). 

A non-linear regression model with an asymptotic distribution was used to quantify the 

relationship between AWHC and transpiration and a linear regression model was used to 

quantify the relationship between transpiration and NPP with different reclamation cover depths. 

2.3. Results  

The current study was mainly focused on the 2011 - 2015 period to understand the soil 

cover depth effect on water balance components and aboveground biomass production after the 

reclamation covers had reached over-story crown closure and sites were at nearly steady-state for 

transpiration (Garrah et al., 2013). One drier year (2011), two wet years (2012 and 2013) and two 

intermediate years (2014 and 2015) with annual P of 238 mm, 507 mm, 462 mm, 385 mm and 

340 mm, respectively were experienced during this period. 

2.3.1. Modelled vs. measured soil water contents in different reclamation covers  

The modelled  in the PMM, subsoil and overburden layers of middle slope positions in 

35 cm and 100 cm covers followed the same pattern as TDR measurements (Figure 2.2) during 

the non-frozen period (April 1 to October 31). The in 50 cm cover was not included since a re-

installation of TDR probes in 2007 resulted in an abrupt change in monitoring trends. Small 

deviations were observed in the modelled  compared to the measured values (Figure 2.2). The 

average RMSD for PMM and subsoil materials in the 35 cm cover were ca. 0.07 m3 m-3 and 0.03 

m3 m-3 respectively whereas the RMSD for PMM and subsoil in 100 cm cover were 0.04 m3 m-3 

and 0.02 m3 m-3 respectively (Table 2.2). The use of common θFC and θPWP for each material in all 
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reclamation covers (Table 2.1) may have contributed to RMSD because measured values varied 

among the reclamation covers as described in Section 2.4.2. 

The coefficients of determination for measured and modelled  (R2) were lower for the 

lower layers of subsoil and overburden layers (Table 2.2) due to lower variation of . The 

magnitude and variation of  were greater in upper PMM layers, indicating more rapid 

infiltration and uptake, and decreased with depth in subsoil and overburden layers due to lower 

AWHC and K, and hence slower infiltration and uptake (Table 2.1). Greater variation was 

observed in upper PMM layers (0 - 10 cm) of the 35 cm cover (Figure 2.2) compared to the 100 

cm cover because lower AWHC in the 35 cm cover caused PWP to be reached earlier during dry 

periods and saturation earlier during wet periods as water percolation to the overburden was 

slow. The TDR probe readings at 42 cm depth in the 35 cm cover showed lower compared to 

other overburden layers in the three reclamtion covers. Huang et al. (2015a) suggested these 

lower  may be due to coarser materials around the sensor. The difference between modelled and 

measured θ in overburden may be due to the lower reliability of TDR readings under saturated 

conditions as mentioned by Elshorbagy et al. (2005).  

The total soil moisture in the reclamation covers modelled at the middle slope of each 

cover showed a similar pattern to that estimated from the measured  (Figure 2.3). The total soil 

moisture in the 100 cm cover was estimated only for the 2014 and 2015 due to failure of TDR 

probe at 20 cm during 2011 - 2013 as well as TDR probes at 55 cm and 90 cm during 2013. The 

coefficients of determination (R2) for the regressions of modelled total water storage on 

estimated total water storage as described in Section 2.4.4 were 0.5 and 0.7 for 35 cm and 100 

cm covers, respectively. The RMSD for 100 cm and 35 cm covers were 18 mm and 16 mm 

whereas MARE were 6% and 12%, respectively. The ASWC (Figure 2.3) was high ( remained 
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well above PWP) in each cover during wet years (2012 and 2013) and so was able to provide 

required amount of moisture for plant growth. However, ASWC was low for the 35 cm and 50 

cm covers during the drier (2011) and intermediate year (2015), and soil moisture storage 

reached PWP earlier than for the 100 cm cover (Figure 2.3). Total soil moisture content in 35 cm 

and 50 cm covers declined close to the PWP even during a shorter dry period in wet and 

intermediate years due to lower AWHC. 

Higher total soil moisture storage was modelled for lower slope positions compared to 

middle and upper slope positions in each cover (Figure 2.4) especially during spring snow 

melting and intensive rainfall periods. The modelled  in lower slope position remained higher 

throughout the year compared to middle and upper slope positions which showed greater water 

decline during drier periods (Figure 2.4). The differences of modelled among the slope 

positions were more prominent in the 100 cm cover than in the 35 cm and 50 cm covers (Figure 

2.4) due to higher AWHC.  

2.3.2. Modelled vs. measured root growth in different covers 

Declines in  modelled in Figures 2.2–2.4 were driven by root water uptake calculated 

from RLD (Eqn. 2) modelled from root mass densities (RMD). The modelled RMD (Figure 2.5) 

lay within the standard deviations of measured values except at 50 cm soil depth and in the 

lowest layer of 50 cm cover (25 cm below the cover-overburden interface). However, the 

observed RMD in different covers were not significantly different (P > 0.1) due to large 

uncertainties in measured values indicated by the large standard deviations. The percentage of 

modelled tree root lengths within the upper 30 cm of the 35 cm, 50 cm, and 100 cm covers were 

93%, 92%, and 90%, respectively, and the total modelled root density in the 35 cm and 50 cm 

covers were 15% and 10% higher than the 100 cm cover. The percentages of modelled root 
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lengths in overburden were 1.9%, 1.7% and 1.3% for the 35 cm, 50 cm, and 100 cm covers, 

respectively. Slightly higher modelled root percentages were observed in overburdens of the 35 

cm and 50 cm covers in which root penetration was limited to 60 cm and 75 cm, respectively. 

Overall, exponential declines in both modelled and measured RMD with depth were apparent in 

each cover and deeper modelled root distributions in the 100 cm cover were corroborated by 

deeper measurements of RMD. 

2.3.3. Modelled root water uptake vs. measured sap flow 

Root water uptake in ecosys was driven by RLD and limited by s (Eqn. 2) from ASWC. 

The lower ASWC in the 35 cm profile (Figure 2.3) indicated greater limitation to plant water 

uptake than in the 100 cm profile. This limitation was tested by comparing modelled plant water 

uptake (RHS of Eqn. 2) with measured sap flow (Figures 2.6 and 2.7) at upper and lower slope 

positions in the 35 cm and 100 cm covers during dry (day of year (DOY) 172-178) and wet 

(DOY 208-214) periods in 2015 (Figure 2.3). The modelled uptake was always within the 

standard deviation of the average measured sap flow (Figures 2.6 and 2.7) except during the last 

two days of the dry period in the upper slope of the 35 cm cover. The modelled uptake rates 

followed the same diurnal and seasonal patterns as the average sap flow of planted trees with R2 

> 0.5 (p < 0.001) and RMSDs < 0.02 mm h-1 (Table 2.3). The higher RMSE (n=9) compared to 

RMSD indicate limited opportunity to improve agreement between modelled uptake and 

measured sap flow rates in each cover without further reducing uncertainty in measured rates.  

Differences in modelled water uptake and measured sap flow per unit ground area between 

aspen and spruce in different reclamation covers were partly determined by the differences in 

LAI driven by differences in growth (Section 2.1.1). Different LAIs were modelled for the aspen 

and spruce in each cover (Table 2.4). In 2015, modelled maximum LAI of aspen across all slope 
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positions in the 35 cm and 100 cm covers were 1.4 and 2.0 whereas those of white spruce were 

1.4 and 1.1, respectively. The differences in seasonal transpiration/sap flow per unit ground area 

among different covers were closely related to the LAIs of aspen and spruce, and more similar 

transpiration/sap flow values for aspen and spruce were observed for the 35 cm cover (Table 

2.4). However, lower seasonal sap flow of spruce in 100 cm vs. 35 cm cover in 2014 as well as 

lower spruce vs. aspen transpiration/sap flow in 100 cm cover than in 35 cm cover in both years 

(Table 2.4), indicated smaller spruce LAI relative to aspen in the 100 cm cover. In the 2015 wet 

period (indicated in Figure 2.3), the maximum hourly transpiration of aspen and white spruce in 

the 35 cm cover was approximately 0.07 mm hr-1 (Figures 2.6(b) and 2.6(d)). However, in the 

100 cm cover, aspen had higher transpiration (~0.12 mm hr-1) and spruce had similar values to 

those in the 35 cm cover (Figures 2.6(c) and 2.6(e)). The cumulative tree (aspen + spruce) 

transpiration was greater for the 100 cm cover than the 35 cm cover, with greater contributions 

from aspen than from spruce, during the study period (Table 2.4). The comparison did not 

include the 50 cm cover, for which sap flow data were not collected.  

More rapid transpiration was modelled for both aspen (except 2014) and spruce plants in 

the lower slope position (Table 2.4 and Figure 2.7) due to greater ASWC (Figure 2.4). The 

cumulative modelled uptake differences between slope positions in all the covers were smaller 

with greater P during 2014 but were greater with less P during 2015 (Table 2.4). These modeled 

values at different slope positions could only be compared to the measured sap flows for the 35 

cm cover (Table 2.4 and Figure 2.7) due to field data availability. A clear slope position effect on 

tree water relations during the dry period was indicated by the lower uptake and sap flow of 

aspen and spruce in upper slope (Figures 2.7(b) and 2.7(d)) compared to lower slope positions 

(Figures 2.7(c) and 2.7(e)) in the 35 cm cover. Also, the cumulative sap flow in spruce was 
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higher at the lower than at the upper slope position (Table 2.4). Even though aspen sap flow at 

the lower slope position was higher than at the upper slope position during the dry period 

(Figures 2.7(c) and 2.7(b)), cumulative aspen sap flow in the 35 cm cover over the entire 

growing season was similar at both slope positions (Table 2.4). 

2.3.4. Effects of soil moisture on water relations of trees 

Modelled water uptake was strongly controlled by plant water relations (c and gc). 

Stomatal conductance (gc) is determined by t (Eqn. 5), which is in turn determined by c (Eqn. 

4). In the model, gc directly affected transpiration, which was in close equilibrium with water 

uptake (Eqn. 2), and CO2 fixation (Eqn. 6). The effect of AWHC on c, gc and CO2 exchange 

modelled in the 35 cm cover was compared with that in the 100 cm cover during the wet and dry 

periods for aspen (Figure 2.8) and spruce (Figure 2.9). The modelled c, gc and CO2 exchange 

remained high in both the 35 cm and 100 cm covers during the wet period for both aspen and 

spruce (Figure 2.8(b1-b3) and Figure 2.9(b1-b3)). However in the dry period, lower c from 

reduced Uc (Figures 2.6 and 2.7) forced lower gc and hence CO2 flux for both aspen and spruce 

in the 35 cm 

cover (Figure 2.8(a1-a3) and Figure 2.9(a1-a3)). In spruce, water uptake (Figure 2.6), gc and CO2 

flux (Figure 2.9(a1-a3)) in the 35 cm cover nearly stopped during the drying period, reducing 

plant growth. In the 100 cm cover, modelled water uptake (Figure 2.6), c, gc, and CO2 flux 

(Figure 2.8(a1-a3) and Figure 2.9(a1-a3)) during the drying period did not decline as much as in 

the 35 cm cover (Figure 2.6), this was driven by greater soil moisture storage (AWHC; Figure 

2.3) and more water uptake from a deeper root system (Figure 2.5). However, a slightly greater 

soil drying effect on tree water status was modelled and observed for spruce than for aspen 

(Figures 2.6, 2.8 and 2.9). The modelled CO2 flux per unit ground area (Figure 2.8(b3) vs. Figure 
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2.9(b3)) was also affected by greater aspen vs. spruce LAI in the 100 cm cover than in the 35 cm 

cover (Table 2.4). 

The water relations of aspen (Figure 2.10) and spruce (Figure 2.11) in different covers 

under different climates were further elaborated during mid-July in a drier (2011) and wetter 

(2012) year. These results follow the same pattern as observed during the wet and dry periods of 

2015 (Figures 2.8 and 2.9). Soil cover depth had a minimal effect on c, gc and CO2 flux of 

aspen and spruce during the wetter year (Figure 2.10(b2-b4) and Figure 2.11(b2-b4)). However, 

substantial declines were modelled in the 35 cm and 50 cm covers during the drier year 

indicating greater water stress and reduced productivity (Figure 2.10(a2-a4) and Figure 2.11(a2-

a4)). 

2.3.5. Net primary productivity and aboveground biomass with different reclamation 

covers 

The modelled CO2 fluxes in trees in the 35 cm and 50 cm covers were lower compared to 

the 100 cm cover during drier months and years (e.g. Figures 2.10 and 2.11) resulting in lower 

GPP and NPP. Modelled annual NPPs of aspen, spruce and total vegetation for drier, 

intermediate and wetter years are given in Table 2.5. Modelled NPP was smallest during the 

driest year (2011) for all the covers, but particularly in upper slope positions in the 35 cm and 50 

cm covers, and was greatest during the wettest year (2013). Then NPP remained stable during 

subsequent years with intermediate P (2014 and 2015). The decline in NPP of the 35 cm and 50 

cm covers vs. the 100 cm cover was greatest during drier years and greater NPP gains with P 

were modelled for the 35 cm cover as water became less limiting for growth (Table 2.5). Thus, 

NPP of the upper slope position in the 35 cm cover during the driest and wettest years was 48% 

and 75% respectively of those in the 100 cm cover. The NPP followed the same slope position 
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pattern as for the , uptake and transpiration with higher NPP modelled in the lower slope 

position in 2015 (Table 2.5). The slope position effect on NPP was greatest during the driest year 

as indicated by reductions in total NPP of greater than 60% at upper slopes vs. lower slopes of 

the 35 cm and 50 cm covers, and disappeared during wetter years (2013 and 2014) (Table 2.5). 

Lower NPP in drier periods lowered the biomass production in 35 cm and 50 cm covers 

over the reclamation period (Figure 2.12). The average modelled aboveground carbon biomass of 

aspen, spruce and total (aspen + spruce) along the slope in each reclamation cover followed the 

same trend as the estimated biomass from field measurements (Figure 2.12). Comparatively 

higher grass and clover aboveground carbon biomasses (ca. 300 g C m-2) (data not shown) and a 

very low tree aboveground carbon biomass (< 50 g C m-2) were modelled in each cover until 

2005 (Figure 2.12). In 2006 (after six years of reclamation), trees started to dominate the grasses 

and grew exponentially (Figure 2.12) thereafter with greater irradiance interception from more 

elevated leaf area. Trees in the 100 cm cover grew more rapidly than those in the 50 cm and 35 

cm covers and showed a greater aspen growth relative to spruce (Figure 2.12(a-c)). The average 

measured and modelled aspen:spruce biomass ratios (2007 - 2013) declined from 4.9 and 6.0 in 

the 100 cm cover to 1.5 and 2.7 in the 50 cm cover, and 1.1 and 2.2 in the 35 cm cover (Figure 

2.12), respectively. These modelled ratios were driven by differences in the modelled CO2 fluxes 

for aspen and spruce in Figures 2.8, 2.9, 2.10 and 2.11 where CO2 fluxes were higher for aspen 

in the 100 cm cover than the 35 cm and 50 cm covers, but were lower for spruce.  

2.3.6. Relationship between AWHC and transpiration and, plant water-use as determined 

by cover depth 

Differences in modelled transpiration with different cover depths (Figures 2.6 and 2.7) 

should cause differences in total water-use efficiency (WUET) which was estimated from annual 
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modelled ET and NPP of planted trees, runoff and subsurface discharge of water to downstream 

ecosystems. The non-linear regression model indicated that annual modelled transpiration 

increased at a decreasing rate with AWHC (R2 = 0.99) and 99% of maximum or asymptote 

transpiration for the site during wet, intermediate and dry years was achieved when AWHC 

reached 162 mm (Figure 2.13(a)). Also a greater effect of AWHC on transpiration was modelled 

during dry vs. intermediate and wet years (Figure 2.13(a)). 

A positive linear relationship was derived between modelled transpiration and NPP (slope 

of the line represents planted tree water-use efficiency of productivity (WUEP)). Even though the 

WUEP differences were not significant among covers (p > 0.05), a higher WUEP was estimated 

in the 100 cm cover (2.59 g C kg-1 H2O) than in the 50 cm (2.47 g C kg-1 H2O) and 35 cm (2.40 g 

C kg-1 H2O) covers (Figure 2.13(b)). The average annual modelled ET derived from modelled 

energy balances (Eqn. 1) was > 100% of measured P in drier years, ~85% during intermediate 

years and ~60% in wet years for all the covers. The average annual (2011 - 2015) modelled ET 

ratios were 78%, 81% and 83% of measured P for the 35 cm, 50 cm and 100 cm covers 

respectively. However, annual modelled transpiration:evaporation increased with increasing 

cover LAI during the study period (Table 2.6). Thus, WUET estimated from annual modelled ET 

and NPP of planted trees, increased non-linearly with increasing cover depth and a greater 

WUET was estimated in the 100 cm cover than in the 35 cm and 50 cm covers (data not shown). 

Modelled ET was subtracted from P to understand changes of other water balance 

components in each cover under different climatic conditions (Table 2.6). The P-ET in each 

cover was equal to the sum of modelled runoff, subsurface discharge and change in . Negative 

P-ET was modelled for all the covers in the driest year (2011), during which water was extracted 

from deeper soil layers (Figure 2.2) to maintain transpiration and thereby productivity. The P-ET 
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was greatest in the wettest year 2012 (Table 2.6) during which ASWC rose even in the 35 cm 

cover (Figure 2.3). The average of annual modelled runoff in all the covers during 2011 - 2015 

was approximately 47 mm. However, the 35 cm cover had slightly higher modelled runoff than 

the other two covers during heavy rainfalls in the second consecutive wettest year (2013) due to 

lower AWHC (Table 2.6) and hence infiltration. The modelled subsurface discharge was not 

much different among the three covers during the drier years, but that from the 100 cm cover was 

lower during the wetter years 2012 and 2013 and higher during the subsequent intermediate 

years 2014 and 2015. The average annual and inter-annual range of modelled water release 

(runoff + subsurface discharge) from 35 cm, 50 cm and 100 cm covers to downstream wetlands 

were 101 mm (54–173 mm), 99 mm (57–172 mm), and 95 mm (59–157 mm), respectively. Most 

subsurface discharge and runoff occurred during snow melting (Table 2.6) except in the wettest 

year 2013 when summer subsurface discharge exceeded 50%, and runoff from the three covers 

exceeded 1 mm. Even though small fluctuations of subsurface discharge were observed between 

drier and wetter years, the overall subsurface discharge:precipitation ratio declined in each cover 

over the reclamation period (1999 - 2015) as ET increased with tree growth.  

2.4. Discussion 

2.4.1. Greater cover depth will increase water storage and ASWC  

The modelled and measured and thereby total soil water storage showed that the ASWC 

increased with increasing cover depth. Thus, the 100 cm cover was able to maintain an ASWC 

greater than the PWP facilitating water uptake during dry periods compared to 35 cm and 50 cm 

covers. This ability was apparent in the model by the more rapid declines of modelled ASWC 

relative to AWHC in upper PMM layers of the 35 cm and 50 cm covers that caused earlier 

depletion of ASWC to PWP than in those of the 100 cm cover (Figures 2.2 and 2.3). Greater 
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water uptake from upper layers was forced by less water uptake from lower layers in the shallow 

covers due to a shallow root system. These modelled soil water storage results were similar to 

the findings from earlier research by Shurniak (2003), Elshorbagy et al. (2007), Kelln (2008), 

and Huang et al. (2015a) who modelled soil water storage in different covers at the SBH site 

using numerical models. However, these earlier modelling studies were conducted using 

hydrological models, which had to be calibrated for the study site e.g. Hydrus-1D and System 

dynamics watershed model (SDWM), and all root growth was assumed to occur only within the 

cover layers.  

2.4.2. Greater soil water storage will increase transpiration in reclaimed areas  

In ecosys, m was calculated from  using modified Campbell and Green-Ampt methods 

and thus modelled mand therebys (Eqn. 3) changed considerably during wet and dry periods 

according to changes in . During wet periods, higher  (Figure 2.3) raised s and lowered s, 

hastening Uc and thereby maintaining high c (Eqn. 2) and gc in all covers. Consequently, the 

transpiration rates of PFTs in different slopes (Figure 2.7) were not limited by  during wet 

periods due to adequate vertical recharge through P. During dry periods, lower in the 35 cm 

and 50 cm covers than in the 100 cm cover (Figure 2.3) reduced transpiration to an extent that 

was consistent with measured sap flow rates (Figure 2.6). This decline was modelled from the 

effects of lower m and thereby s (Eqn. 3) during dry periods, which increased s and 

consequently lowered Uc (Eqn. 2). This lower Uc led to lower c, t and hence lower gc through 

the equilibration of plant water uptake (RHS in Eqn. 2) with transpiration (LHS Eqn. 2). Also, 

less root growth modelled deeper in the 35 cm and 50 cm covers (Figure 2.5) increased r and so 
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further reduced Uc, and hence transpiration relative to those in the 100 cm cover (Figure 2.6). In 

addition, the reduced LAI modelled prognostically from reduced NPP with 35 cm and 50 cm 

covers (Table 2.4) further reduced transpiration. The modelled gc and LAI in the 100 cm cover 

were consistent with observations of Strilesky et al. (2017) for SBH plateau which had similar 

reclamation cover depth and composition, and reached over-story canopy closure as 100 cm 

cover. 

A greater plant water uptake in the 100 cm cover (Figure 2.6(c) and Figure 2.6(e)) than in 

the 35 cm cover (Figure 2.6(b) and Figure 2.6(d)) was possible with lower s due to higher 

ASWC (Figure 2.3) and s, as well as by larger aspen LAI, which increased Rn in the canopy 

energy balance (Eqn. 1) relative to spruce (Table 2.4). Transpiration by deciduous trees such as 

aspen tends to be greater than that by conifers (i.e. spruce), so that greater transpiration in the 

100 cm cover may be partially caused by a proportionally greater aspen leaf area vs. spruce leaf 

area compared to the other covers. The maximum uptake/sap flow rate of aspen in the 100 cm 

cover in a mixed stand with LAI of 1.9 in this study (Figure 2.6; Table 2.4), was close to the 

range (0.12–0.16 mm hr-1) for different aspen clones at a mature parkland site with LAI of 1.4 

during a warm year, but lower than that in a pure stand of aspen with larger LAI (2.3) at mature 

boreal site (~0.4 mm hr-1) estimated from sap flow measurements by Hogg and Hurdle (1997). 

However, the aspen spacing was larger in the current study as it was in a mixed stand, so that 

slower uptake would be expected on an area basis. 

Greater stomatal response to soil drying was observed for spruce compared to aspen. 

Spruce species have a long leaf lifespan with lower gc and thereby lower transpiration 

(Angstmann et al., 2013), lower leaf N and hence lower Vcmax [C6b], and greater root axial 

resistivity (Larcher, 2003) as modelled in Grant (2004) and Grant et al. (2005). However, in 
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mixed species stands spruce trees may have much more leaf area than aspen trees. In the model, 

the larger root axial resistivity used for white spruce compared to aspen delayed overnight 

rehydration and thereby forced greater c sensitivity to root water uptake. Mencuccini and Grace 

(1996) and Gao et al. (2002) also attributed the greater sensitivity of conifer transpiration to 

lower xylem conductance compared to broadleaf trees.  

The modelled and measured results for Uc, c, and transpiration indicated that greater 

covers depths stored more water and thereby maintained greater water uptake and transpiration. 

These results were also supported by the previous field and modelling studies conducted by 

Kelln (2008), Kelln et al. (2009), Huang et al. (2015a) indicating increased transpiration with 

greater cover depths. However, the relationship between AWHC and transpiration increased at a 

decreasing rate with increasing cover depth (Figure 2.13(a)). This relationship indicated that 

transpiration will increase little with AWHC above a threshold value (0.95 of the asymptote) 

depending on the site conditions which for the current study was 162 mm. This threshold will be 

further evaluated in Chapter 5 using a wider range of hypothetical covers. 

2.4.3. Increased plant water uptake from greater soil water storage will increase CO2 

fixation and hence NPP  

Modelled plant water uptake and measured sap flow, modelled transpiration and modelled 

and measured aboveground biomass indicated that CO2 fixation and thereby NPP increased 

linearly with plant water uptake from greater reclamation cover depths. Water uptake and hence 

NPP of 35 cm and 50 cm covers in the model declined particularly during dry periods due to 

lower AWHC (Table 2.5). The lower gc from lower (described in Sectionin 35 and 50 cm 

covers forced partial or full stomatal closure and thereby slower CO2 diffusion and lower Ci. The 
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slower diffusion and lower Ci reduced CO2 fixation (Eqn. 6) reducing annual NPP particularly 

with 35 cm and 50 cm covers during dry years. 

Root growth is an important variable for modelling cover soil depth effects on NPP, as root 

growth and rooting space are greatly influenced by soil cover properties and govern water and 

nutrient uptake. Like LAI, root growth in ecosys is fully prognostic, driven by soil water and 

nutrient status and by root-shoot C and nutrient exchange. The importance of root growth to NPP 

was examined in previous modelling studies by Grant (1991), Grant (2014) and Mezbahuddin et 

al. (2015). Modelled and measured root biomass densities of all the covers showed the highest 

densities near the surface and exponential decline caused by declining root sink strength with soil 

depth (Figure 2.5) as found in the undisturbed boreal forest (Strong and La Roi, 1983; Yuan and 

Chen, 2010). The greater water uptake and higher variation in upper soil layers vs. lower layers 

(Figure 2.2) was caused by the greater root densities near surface soil layers. Through a 

comprehensive literature synthesis, Jackson et al. (1996) stated that boreal forests have a shallow 

rooting profile where 80-90% of roots are within the upper 30 cm of soil. The modelled root 

density in the 100 cm cover showed a similar pattern. Modelled root lengths in the overburden of 

each cover were within the range (1.3% to 2.2%) found by Lazorko and Van Rees (2012) in 

overburden materials at different reclamation sites. These lower percentages indicated a limited 

water uptake from overburden. However, slightly higher modelled total root length in 

overburden of the 35 cm cover compared to other covers (Figure 2.5) indicated more water 

uptake from overburden layers with shallow covers during drier periods (Figure 2.2). This may 

partially offset the reduced uptake from the PMM and subsoil material in shallow covers. 
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2.4.4. Growth of different PFTs with different AWHC in reclaimed covers 

In the model, competition among PFTs for irradiance, water and nutrients was governed by 

vertical profiles of canopy leaf area and root lengths driven by plant growth so that different 

phenology, irradiance interception, CO2 fixation rates and water uptake rates in each PFT 

determined its growth in the competitive environment (Mekonnen et al., 2018b). Early 

colonizing ruderal herbaceous species were dominant on the SBH site (Shurniak, 2003; Kessler, 

2007), competing for above and belowground resources with the newly planted trees (Bockstette 

et al., 2017). Modelled herbaceous species showed similar growth patterns as those observed in 

the field during 1999-2006 (data not shown). Early in succession planted tree growth was 

suppressed by the herbaceous competition for water and nutrient uptake with these ground cover 

species as their root length densities were greater compared to those of the planted tree seedlings. 

Later in succession grass and clover densities gradually declined (data not shown) as tree root 

growth increased the competition for water and nutrients and the increasing tree canopy cover 

reduced light availability in the understory.  

In the model, deciduous PFTs were modelled with greater specific leaf area (SLA) and less 

clumping, allowing greater light interception, and with greater leaf N content and hence leaf CO2 

fixation capacity and gc (Grant, 2015; Mekonnen et al. 2018b), particularly during early stand 

development, and with more rapid nutrient uptake and loss from greater leaf turnover. Therefore, 

aspen growth was modelled to be more rapid than white spruce growth in young reclaimed sites 

due to more rapid water uptake and greater photosynthetic capacity from greater leaf nutrient 

contents. Faster growth of aspen relative to spruce was modelled in the 100 cm cover due to 

more favorable soil nutrient and water status that favored the more open and rapid nutrient 

cycling of deciduous PFTs. The modelled aspen:spruce biomass ratios therefore increased with 



44 

 

cover depth which was consistent with measured values (Figure 2.12) and with observations of 

Kelln (2008) that there is a tendency for greater aspen growth and less white spruce growth with 

increased cover depth. These changes in PFTs affected the WUEP in different covers that were 

derived from the relationship between transpiration and NPP (Figure 2.13(b)). Thus, the greater 

aspen growth increased the WUEP in the 100 cm cover to become more similar to the average 

WUEP of woody trees in the temperate climate zone (Larcher, 2003) compared to the other two 

covers. 

2.4.5. Greater cover depth caused greater WUET and less interannual variability in 

subsurface discharge 

Greater LAI (Table 2.4) and hence less ground surface exposure in the 100 cm vs. the 35 

cm and 50 cm covers increased transpiration (Figures 2.6 and 2.7) but reduced evaporation 

(Table 2.6), partially offsetting effects of cover depth on ET. However, evaporation (Table 2.6) 

represents an unproductive water loss from the reclaimed areas whereas transpiration (Table 2.6 

and Figures 2.6 and 2.7) is correlated with CO2 fixation (Figures 2.8 and 2.9). Thus, greater 

transpiration vs. evaporation increased WUET in the 100 cm cover compared to the 35 cm and 50 

cm covers (data not shown). 

The sub-humid climate reduced the modelled lateral water flow (runoff + subsurface 

discharge) in summer relative to ET (Table 2.6). No runoff (Table 2.6) was modelled during 

summer except in 2013 as K of PMM (Table 2.1) was enough to infiltrate most of the 

precipitation (Elshorbagy et al., 2007; Kelln, 2008). The modelled runoff mainly occurred during 

snow melting which was similar in all the covers for most of the years and the average annual 

runoff (~ 47 mm) was in the upper limit of the range of measured average annual (2003 - 2012) 

runoff (18.5 - 47 mm) from four weirs which were installed at different locations in the SBH 
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(O’Kane Consultants Inc, 2012b). The 100 cm cover had the highest AWHC (Figure 2.3) and 

thereby could store more infiltrated water that was not taken up by plants during rewetting, 

reducing modelled subsurface discharge (e.g. 2012 and 2013 in Table 2.6). However, greater 

ASWC following rewetting could increase subsequent subsurface discharge modelled from the 

100 cm cover (i.e. 2014 and 2015 in Table 2.6). Therefore modelled subsurface discharge in 100 

cm cover showed less inter-annual variability with changes of P (Table 2.6) relative to 35 cm 

and 50 cm covers. This low variability might improve hydrological stability in downstream 

ecosystems, which is an important element of closure landscape reclamation. 

2.4.6. Effect of slope position on plant productivity in reclaimed landscapes 

Reclaimed sites may experience drier upper slopes than would natural or pre-mining sites 

as they have greater slopes, lower upslope inflow, and an overburden layer with low K (Table 

2.1) (Tani, 1997; Buttle et al., 2005; Kessler, 2007; Redding and Devito, 2008). In ecosys, the 

effects of slope position on ASWC were modelled from gravity-driven downward water 

movements through runoff [D1a], subsurface flow [D7] and downslope snow redistribution 

[D1b]. Even though a clear slope position effect on  was not modelled during early reclamation 

period (1999 - 2006) in the SBH site (data not shown), modelled ASWC showed a clear slope 

position effect after the planted trees starts exponential plant growth (after seven years from start 

of reclamation) as water demand increased with vegetation growth. In addition, several drier 

years during the early reclamation period (1999 - 2006) as indicated in the weather data might 

have limited downward water movement giving little ASWC variation along the slope. However, 

the current modelling study clearly identified lower slope positions as having increased ASWC 

(Figure 2.4), root water uptake (Figure 2.7 and Table 2.3) and hence NPP (Table 2.5) after the 

stand reached canopy closure. The modelled soil water redistribution along the slope was 
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consistent with the findings from Kelln et al. (2008) who found wetter lower slopes in the SBH 

site after eight years from reclamation, and Ketcheson and Price (2016), who found wetter lower 

slopes in reclaimed area after seven years of reclamation. Overall, both modelled and measured 

results (Figures 2.4 and 2.7 and Tables 2.4 and 2.5) indicate the importance of slope position in 

determining plant productivity that needs to be considered when evaluating the productivity of 

reclaimed landscapes with large slopes. 

2.4.7. Summary 

In summary, increasing cover depth from 35 cm and 50 cm to 100 cm improved plant 

water relations and hence increased ecosystem transpiration, CO2 fixation, and tree growth. 

Considering the modelled results, we suggest that on this site the 100 cm cover provided 

sufficient amount of water for maintaining tree growth during both the wet and dry periods while 

stabilizing downstream water movement. Since transpiration increased non-linearly with 

AWHC, cover depth that determines the AWHC will have little effect on transpiration after it 

reached the threshold AWHC according to the site conditions. It indicates the importance of 

optimizing transpiration to achieve target NPP for the reclaimed sites according to the ecological 

aspects since transpiration is linearly related to NPP. Therefore, reclamation success in 

recovering target NPP according to the end land-use or ecosite requires: 

 (1) Sufficient cover depth to achieve threshold AWHC (162 mm for the current study to 

achieve “d” ecosite) to avoid water stress during dry years  

 (2) Consideration of how cover depth influences the growth of different plant species 

 (3) Consideration of how water movement down artificial slopes affects NPP. 

In ecosys, the effect of cover depth on water availability and movement, plant water 

relations and biomass production were modelled from basic soil-plant-atmosphere hydrological 
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processes, the parameters of which were derived from basic research conducted independently 

from the current study and so remained unchanged from those used in earlier studies as stated in 

the supplement. Model findings should therefore be robust. Collectively, results of this study also 

demonstrate the ability of ecosys to predict the cover depth required to achieve target NPP in 

reclaimed upland areas according to the ecological aspects without calibrating to a specific site 

so that ecosys model would be useful for further studies in reclaimed areas with a wide range of 

reclamation materials, compositions, PFTs, and weather conditions.  
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Table 2.1. Key soil properties used to model the three reclamation covers. 

Property PMM Subsoil 

(Till) 

Overburden 

Bulk density (Mg m-3)a 0.90 1.65 1.85 

Sand content (g kg-1)b 374 329 130 

Silt content (g kg-1)b 271 320 421 

Clay content (g kg-1)b 355 351 449 

Saturated hydraulic conductivity (mm h-1)c 28.80 7.20 0.10 

Volumetric water content at FC -0.01 MPa (m3 m-3)d 0.40 0.30 0.27 

Volumetric water content at PWP -1.5 MPa (m3 m-3)d 0.25 0.25 0.25 

Total organic carbon (g C kg-1)e 171 10 7 

Organic nitrogen (g N kg-1)e 5.87 0.50 0.35 

Organic phosphorous (g P kg-1) 0.39f 0.05* 0.035* 
aFrom Boese (2003) and Elshorbagy et al. (2005) 
bFrom Yarmuch (2003) 
cFrom Meiers (2011) 
dDerived from soil water desorption curves developed using field measured θ vs. m data from Syncrude Canada 

Ltd. research database. 
eFrom Macyk (1999) and Yarmuch (2003) 

fFrom Lanoue (2003) 

*estimated as 0.1 x organic nitrogen 
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Table 2.2. Summary statistics of regressions of daily soil moisture content (θ) modelled at the 

depths corresponding to those at which the time domain reflectometry (TDR) probes were 

installed in the 35 cm and 100 cm covers on daily θ measured by TDR probes (2011-2015)a. 

 
Cover 

type 

Material type Soil depth 

(cm) 

 

n 

 

𝒂 

 

b 

 

R2 

RMSD 

(m3 m-3) 

35 cm Peat -Mineral 

Mix 

5 1289 0.16 0.70 0.41 0.08 

10 1548 -0.01 1.06 0.50 0.07 

Subsoil 20 1548 0.12 0.66 0.40 0.03 

25 1548 0.09 0.66 0.30 0.03 

32 1548 0.12 0.58 0.33 0.04 

Overburden 42 1548 0.22 0.22 0.30 0.02 

 100 cm Peat-Mineral 

Mix 

5 1368 0.06 0.91 0.41 0.06 

20 479 0.05 0.81 0.61 0.03 

Subsoil 30 1368 0.06 0.82 0.40 0.02 

55 1368 -0.03 1.08 0.51 0.02 

90 1368 0.00 1.03 0.23 0.03 

Overburden 125 1368 0.19 0.40 0.11 0.02 
aIntercept (a), slopes (b) from simple linear regressions of modelled on measured (p < 0.001). R2 = coefficient of 

determination and RMSD = root mean square for difference from simple linear regressions of modelled on 

measured. RMSE (root mean square for error) values were not calculated as there was only one TDR probe installed 

at each sampling depth. Measured TDR values from Syncrude watershed research database. 
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Table 2.3. Summary statistics from regressions of average sap flow rates on modelled root water 

uptake during the vegetation growing period (June-August) of 2014 and 2015 in 35 cm and 100 

cm coversa. 

 
Plant 

Species 

Year Cover type n 𝒂 

(mm h-1) 

b R2 RMSD 

(mm h-1) 

RMSE 

(mm h-1) 

Aspen 2014 35cm 

Upper slope 
2207 0.017 0.79 0.65 0.01 0.08 

35cm 

Lower slope 
2207 0.016 0.74 0.67 0.01 0.09 

100 cm 

Lower slope 
2207 0.022 1.07 0.76 0.02 0.08 

2015 35cm 

Upper slope 
2190 0.01 0.7 0.53 0.01 0.06 

35cm 

Lower slope 
2207 0.007 0.79 0.67 0.01 0.07 

100 cm 

Upper slope 
2207 0.014 0.76 0.60 0.02 0.09 

White 

Spruce 

2014 35cm 

Upper slope 
2207 0.006 0.94 0.58 0.01 0.07 

35cm 

Lower slope 
2207 0.007 1.50 0.63 0.02 0.09 

100 cm 

Lower slope 
2207 0.002 1.20 0.68 0.01 0.07 

2015 35cm 

Upper slope 
2207 0.0007 0.90 0.57 0.01 0.05 

35cm 

Lower slope 
2207 0.0001 1.32 0.50 0.02 0.07 

100 cm 

Upper slope 
2207 0.005 1.33 0.60 0.01 0.08 

aIntercept (a), slopes (b) from simple linear regressions of measured on modelled values (p < 0.001). R2 = coefficient 

of determination and RMSD = root mean square for differences. RMSE = root mean square for error (n = 9) of sap 

flow/unit ground area calculated using stand sap wood area to ground area ratio (SA) as described by Hogg and 

Hurdle (1997). 
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Table 2.4. Cumulative modelled transpiration (mm) and measured sap flow (mm) during growing periods (June-August), and 

modelled and measured LAI (m2 m-2) in August in 2014 - 2015 at upper and lower slope positions of 35 cm, 50 cm and 100 cm 

reclamation covers. 

Year 
Plant 

Species 

Slope 

position 

35 cm 50 cm 100 cm 

Transpiration 

/Sap flow 
LAI 

Transpiration 

 
LAI 

Transpiration 

/Sap flow 
LAI 

Mod Mea 

(±SD) 

Mod Mea 

(±SD)¶ 

Mod Mea 

(±SD)¶ 

Mod Mod Mea 

(±SD) 

Mod Mea 

(±SD)¶ 

2014 Aspen Upper 56 69 (38) 1.38 N/A 64 N/A 1.58 88 N/A 1.99 N/A 

  Lower 56 68 (40) 1.42 N/A 67 N/A 1.67 85 117 (41) 2.00 N/A 

 Spruce Upper 40 47 (30) 1.14 N/A 42 N/A 1.19 35 N/A 0.96 N/A 

  Lower 47 70 (43) 1.42 N/A 47 N/A 1.35 37 42 (31) 1.08 N/A 

2015 Aspen Upper 46 49 (16) 1.13 N/A 51 N/A 1.31 80 76 (40) 1.89 N/A 

  Lower 59 48 (21) 1.47 N/A 71 N/A 1.69 88 N/A 2.03 N/A 

 Spruce Upper 40 28 (13) 1.22 N/A 38 N/A 1.22 33 45 (31) 1.02 N/A 

 

 Lower 53 38 (19) 1.52 N/A 53 N/A 1.46 43 N/A 1.21 N/A 

Total 

Tree 

Upper N/A N/A 2.35 2.40 (0.88) N/A N/A 2.53 N/A N/A 2.91 3.46 (0.68) 

Lower N/A N/A 2.99 2.34 (0.81) N/A N/A 3.15 N/A N/A 3.24 3.21 (1.04) 
¶SD = Standard deviation (mm) for measured sap flow (n=9), Mod = modelled, Mea = measured. 
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Table 2.5. Net primary productivity (NPP) modelled from 2010 to 2015 in three cover depths (35 cm, 50 cm and 100 cm) under 

different climatic conditions. 

Year Precipitation 

(mm) 

Mean 

Annual 

Temperature 

(0C) 

 Net primary productivity (g C m-2 y-1) 

 Slope 

Position 

35 cm cover 50 cm cover 100 cm cover 

 
Aspen Spruce Total¶ Aspen Spruce Total¶ Aspen Spruce Total¶ 

2010 405 2.81 Upper 109 42 228 155 48 270 255 33 340 

   Lower 293 81 381 404 80 492 470 50 523 

2011 238 2.31 Upper 73 36 136 123 46 186 227 37 281 

   Lower 302 88 403 395 88 495 450 58 520 

2012 507 1.96 Upper 180 77 276 248 88 347 335 58 404 

   Lower 304 106 425 359 94 468 423 65 502 

2013 462 1.13 Upper 243 114 366 304 120 434 402 76 485 

   Lower 259 115 387 306 104 422 388 75 477 

2014 385 0.64 Upper 230 124 365 269 124 406 370 84 467 

   Lower 221 126 359 270 115 396 347 84 444 

2015 340 3.12 Upper 185 128 330 217 124 357 352 95 464 

   Lower 242 151 406 290 142 444 375 109 497 
¶Total NPP is the summation of aspen, spruce and other species NPP. 
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Table 2.6. Modelled water balance components in three cover depths (35 cm, 50 cm and 100 cm) after planted trees reached over-story 

crown closure. 

 
 

Year 

P-ET (mm) Transpiration (mm) Evaporation (mm) Subsurface discharge 

(mm) 

[Summer subsurface 

discharge] 

Runoff (mm) 

[Summer runoff] 

35 cm 50 cm 100 

cm 

35 cm 50 cm 100 

cm 

35 cm 50 cm 100 

cm 

35 cm 50 cm 100 

cm 

35 cm 50 cm 100 

cm 

2011 

 

-7 

 

-24 

 

-38 

 

132 

 

157 

 

172 

 

113 

 

105 

 

104 

 

11 

[<1] 

14 

[2] 

13 

[2] 

43 

[0] 

43 

[0] 

46 

[0] 

2012 

 

217 

 

206 

 

200 

 

183 

 

201 

 

208 

 

106 

 

99 

 

98 

 

64 

[11] 

53 

[8] 

39 

[5] 

33 

[0] 

22 

[0] 

26 

[0] 

2013 

 

168 

 

160 

 

152 

 

203 

 

219 

 

227 

 

91 

 

83 

 

83 

 

120 

[69] 

122 

[66] 

109 

[51] 

53 

[10] 

50 

[6] 

48 

[2] 

2014 

 

101 

 

93 

 

87 

 

204 

 

216 

 

223 

 

80 

 

75 

 

75 

 

58 

[11] 

57 

[11] 

65 

[13] 

47 

[0] 

51 

[0] 

52 

[0] 

2015 

 

35 

 

27 

 

17 

 

222 

 

232 

 

245 

 

82 

 

80 

 

77 

 

21 

[<1] 

20 

[2] 

27 

[6] 

59 

[0] 

60 

[0] 

64 

[0] 
¶Annual measured precipitation – modelled evapotranspiration. 
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 (a) 

(b) 

 

Figure 2.1. (a) Design of South Bison Hill (SBH) reclamation covers (b) SBH reclamation site as 

represented in model, ecosys considering fully coupled carbon, energy, water, and nutrient 

cycles. Belowground vertical and horizontal transport of heat, water, air, nutrients and salts are 

represented by red arrows; aboveground energy, gases, carbon, and water exchange represented 

by purple arrows. The blue arrows represent the runoff in the site. Each reclamation cover was 

represented in the model as a transect of six interconnected grid cells (50 m x 40 m). 
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Figure 2.2. Modelled (black lines) and measured (purple dots) volumetric water contents (VWC) 

at different depths at middle slope position in (a) 35 cm and (b) 100 cm reclamation covers 

during non-frozen period (01st April to 31st October) after planted trees reached over-story crown 

closure. Measured time domain reflectometry (TDR) values from Syncrude watershed research 

database. 
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Figure 2.3. (a) Precipitation, and the estimated total soil moisture from measured (purple dots) 

and modelled (black lines) total soil moisture at middle slope in the (b) 35 cm, (c) 50 cm and (d) 

100 cm reclamation covers during non-frozen periods (01st April to 31st October) after planted 

trees reached over-story crown closure. The measured in 50 cm cover was not included since a 

re-installation of TDR probes in 2007 resulted in an abrupt change in monitoring trends. Dashed 

red and solid blue lines indicate the estimated water content at permanent wilting point (PWP) 

and field capacity (FC) respectively. The available soil water holding capacity (AWHC) is 

apparent from the vertical distance between these lines. The strips indicate the dry (red) and wet 

(blue) periods in 2015, which were used to examine modelled water relations (Figures 2.6-2.9) 

below. 
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Figure 2.4. Modelled total soil moisture in lower (blue lines), middle (green lines) and upper (red 

lines) slope positions in (a) 35 cm cover (b) 50 cm cover (c) 100 cm cover during non-frozen 

period (01st April to 31st October) after planted trees reached over-story crown closure. Dashed 

red and solid blue lines indicate the estimated water content at permanent wilting point (PWP) 

and field capacity (FC) respectively. The available soil water holding capacity (AWHC) is 

apparent from the vertical distance between these lines. 
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Figure 2.5. Average measured (symbols) (Northwind Land Resources Inc., 2014 and Van Rees, 

2014) and modelled (lines) dry root biomass densities with soil depth along the slope in 35 cm 

(red), 50 cm (black) and 100 cm (blue) covers in October 2013. The dashed lines indicate the top 

of overburden layer in each cover.  
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Figure 2.6. (a) Hourly solar radiation (SR), temperature and precipitation resolved by ecosys 

from measured daily data, and (b-e) hourly modelled (black lines) uptake and average measured 

sap flow rate (blue dots) of aspen in (b) 35 cm and (c) 100 cm cover upper slopes, and of white 

spruce in (d) 35 cm and (e) 100 cm cover upper slopes during dry (day of year (DOY) 172-178) 

vs. wet (DOY 208-214) periods in 2015. 
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Figure 2.7. (a) Hourly solar radiation (SR), temperature and precipitation resolved by ecosys 

from measured daily data and (b-e) hourly modelled (black lines) uptake and average measured 

sap flow (blue dots) of aspen at the (b) upper slope and (c) lower slope positions, and of white 

spruce at the (d) upper slope and (e) lower slope positions in 35 cm cover during dry (day of year 

(DOY) 172-178) vs. wet (DOY 208-214) periods in 2015. 
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Figure 2.8. Modelled (a1, b1) canopy water potential (c), (a2, b2) canopy stomatal resistance 

(gc) and (a3, b3) net canopy CO2 fixation (CO2 flux) of aspen in 35 cm cover upper slope (red 

lines) and the 100 cm cover upper slope (blue lines) during dry (day of year (DOY) 172-178) vs. 

wet (DOY 208-214) period in 2015. 
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Figure 2.9. Modelled (a1, b1) canopy water potential (c), (a2, b2) canopy stomatal resistance 

(gc) and (a3, b3) net canopy CO2 fixation (CO2 flux) of white spruce in 35 cm cover upper slope 

(red lines) and 100 cm cover upper slope (blue lines) during dry (day of year (DOY) 172-178) vs. 

wet (DOY 208-214) period in 2015. 
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Figure 2.10. (a1, b1) Hourly solar radiation (SR), temperature and precipitation resolved by 

ecosys from measured daily data and modelled average (a2, b2) canopy water potential (c), (a3, 

b3) canopy stomatal resistance (gc) and (a4, b4) net canopy CO2 fixation (CO2 flux) of aspen 

along the slope in 35 cm (red lines), 50 cm (black lines) and 100 cm (blue lines) reclamation 

covers during drier year 2011 (day of year (DOY) 195-201) vs. wetter year 2012 (DOY 192-

198). 
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Figure 2.11. (a1, b1) Hourly solar radiation (SR), temperature and precipitation resolved by 

ecosys from measured daily data and modelled average (a2, b2) canopy water potential (c), (a3, 

b3) canopy stomatal resistance (gc) and (a4, b4) net canopy CO2 fixation (CO2 flux) of white 

spruce along the slope in 35 cm (red lines), 50 cm (black lines) and 100 cm (blue lines) 

reclamation covers during drier year 2011 (day of year (DOY) 195-201) vs. wetter year 2012 

(DOY 192-198). 
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Figure 2.12. Modelled (lines) and measured (open symbols) aspen and white spruce aboveground 

carbon biomass along the slope positions in (a) 35 cm cover (b) 50 cm cover and (c) 100 cm 

covers, and (d) total tree carbon biomass modelled (lines) and measured (closed symbols) in 35 

cm (red), 50 cm (black) and 100 cm (blue) reclamation covers since site construction. Open stars 

represent the measured white spruce and open circles represent the measured aspen. Measured 

aboveground carbon biomass values from Macyk et al. (2009) and Drozdowksi et al. (2011, 

2014). 
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Figure 2.13. (a) Relationship between estimated available water holding capacity (AWHC) (dots 

represent the AWHC as determined by cover depth for each plotted line) and modelled 

transpiration during 2011 - 2015 (after planted trees reached over-story crown closure) and (b) 

relationship between modelled transpiration and net primary productivity (NPP) of planted trees 

in reclamation covers since site construction (slope of the lines represent the planted tree water-

use efficiency of productivity (WUEP)) in 35 cm (red line), 50 cm (black line) and 100 cm (blue 

line) reclamation covers. 
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Chapter 3 

Modelling salt redistribution as affected by cover depths and topography in 

reclaimed saline-sodic overburden upland forests of Northern Alberta 

3.1. Introduction  

Achieving equivalent land capability according to the Environmental Protection and 

Enhancement Act (EPEA) is the ultimate goal of restoration in disturbed oil sand landscapes 

within the Athabasca oil sand region (AOSR). The main target of northern Alberta upland forest 

restoration is to achieve boreal mixedwood forests mainly comprised of white spruce (Picea 

glauca (Moench) Voss) and trembling aspen (Populus tremuloides Michx.) (Lilles et al., 2012). 

During surface mining in AOSR, overburden (mostly saline sodic) waste stripped prior to the 

access of oil sands is produced in large volumes (Fung and Macyk, 2000; Chaikowsky, 2003; 

Amos et al., 2015). This excavated overburden is used to backfill open pits or placed in unmined 

areas to construct uplands while covering with non-saline reclamation materials to give better 

growth media for plants (Sandoval and Gould, 1978; Kessler et al., 2010). Large, out of pit 

landform structures of overburden are created, consisting of side slopes of approximately 10 to 

20% and a relatively flat plateau in the center. For some oil sand mine operations the overburden 

is comprised mainly of Clearwater shale which is marine in origin and contains a large amount of 

gypsum and pyrite (Wall, 2005; Hilderman, 2011; Appels et al., 2017). Oxidation of this pyrite 

during excavation and placement generates sulfuric acid, which accelerates weathering of the 

overburden, leading to a generation of more soluble salts (Hilderman, 2011; Appels et al., 2017). 

Therefore, one of the major challenges related to reclamation of these disturbed lands in AOSR 

is elevated salinity from saline-sodic shale overburden waste (mean electrical conductivity 10 
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dS m-1 [maximum ~17] and mean SAR ~17 [maximum ~35]) (Kessler, 2007) that may inhibit 

plant growth and degrade soil structure (Purdy et al., 2005; Barbour et al., 2007; Kelln, 2008; 

Lilles et al., 2012). Therefore, a sufficient amount of cover materials must be placed that will 

provide a suitable depth for plant root development that considers upward migration of salts and 

sodium in the reclamation cover (Carey, 2008).  

Restoration with inadequate cover material could create unproductive lands due to greater 

salt concentration within the root zone. Greater soluble salt accumulation decreases the osmotic 

water potential and hence the soil water potential in the root zone that reduces plant water uptake 

(Grant, 1995). In addition to osmotic stress, accumulation of salts in the root zone reduces plant 

growth by accumulating salts in plant tissues and interfering with nutrient uptake and 

translocation within the plant (NRC, 1993). Furthermore, greater Sodium content adversely 

affects soil structure (Chaikowsky, 2003) and thereby reduces water infiltration. Plant growth 

and microbial activities are also considerably reduced with increased salinity in the soil (Smith 

and Doran, 1996). Soils are usually decribed as saline when the electrical conductivity (EC) in 

saturated paste exceeds 4 dS m-1 (Richards, 1954). However, the salt tolerance level and EC 

threshold or reduced plant growth are species specific (Smith and Doran, 1996; Howat, 2000). 

Some plants experience suppressed growth when EC reaches 2 dS m-1 (Edwards 1985; Howat, 

2000). In forest ecosystems within the oil sands regions, 0 - 2 dS m-1 of EC is considered as the 

optimum and 2 - 4 dS m-1 level is considered as marginally acceptable (Leskiw, 1998; CEMA, 

2006; Kessler, 2007).  

Declines in growth and productivity of boreal species with increased salinity (aspen and 

white spruce) was reported by previous greenhouse (McKenzie et al., 1993; Maynard et al., 

1996; Howat, 2000; Khasa et al., 2002) and field (Lilles et al., 2012) studies. However, Purdy et 
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al. (2005) suggested that upland forest landscapes can be achieved in saline areas as long as 

saline soils remain below the root zone and have an adequate supply of freshwater for plant 

growth. Therefore, having sufficient cover material depth is important to provide a sufficient 

cover for the root zone to buffer any salt migration from overburden to the cover material. 

Topography also can be a very important factor in salt redistribution. Salt movement from upper 

to lower slopes can increase salt concentration in lower slope areas. The water perched above the 

cover-overburden interface creates downslope lateral subsurface flow (interflow) in sloping 

landscapes (Kelln, 2008). This gravity driven flow can move salts from upper to lower slope 

positions in reclaimed areas and also to lower surrounding areas. This could lead to salinization 

of these areas.  

Long term monitoring is important to determine changes in salt redistribution within the 

root zone of reclaimed covers and thereby effects on the target ecosystem restoration. However, 

the effects of long term salinity on growth and productivity of boreal tree species in reclaimed 

ecosystems are not well understood. Also knowing salt redistribution along the soil profile over 

time helps to determine the cover material depth required to maintain a reasonable salt 

concentration in the root zone. Oil sand mine operations continually strive for an optimal soil 

cover depth(s) that will achieve equivalent land capability due to the reclamation costs associated 

with soil salvage and placement, as well as the limited soil resources available for reclamation 

(Kessler et al., 2010). Therefore confirming the appropriate soil reclamation cover depth is 

important for the oil sands mine industry. Field research studies are expensive and findings may 

have limited applicability (e.g., site-specific) as they are dependent on weather, soil chemical, 

physical and hydrological properties (Gower et al., 2001; Randerson et al., 2002; Huang et al., 

2013). Also long term sampling can adversely affect reclamation success due to continuous 
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disturbances. A rigorous modeling effort based on fundamental processes governing water, 

energy, ionic solutes and nutrient interactions among the soil-microbe-root-canopy-atmosphere 

system can provide both short and long-term land capability restoration forecasts to the 

reclamation community. If ecosystem models can accurately model salt generation in saline 

sodic overburden and movement into reclamation covers and surrounding areas, they could be 

used to predict the suitable cover depth for future reclamation to minimize long term root zone 

osmotic stress under a different climate regime.  

Previous field and modelling studies of salinity were conducted on three reclamation 

covers at South Bison Hills (SBH) by Wall (2005), Nichol et al. (2006), Kessler (2007), Kessler 

et al. (2010), Hilderman (2011), Klohn Crippen Berger Ltd. (2013), Huang et al. (2015b) and 

Appels et al. (2017). These studies were mainly focused on salt production in saline sodic 

overburden and salts movements to the cover soil and along the slopes rather than on vegetation 

growth and salinization of surrounding areas with different cover depths. They observed higher 

soluble salt concentration and EC values in cover material just above the cover overburden 

interface predominantly due to upward salt diffusion. 

Modelling salinity effects on plant productivity requires that key processes, which these 

effects are known to occur, be explicitly represented in mathematical models. Greater salt 

concentration within the root zone reduces osmotic water potential, soil water potential and 

consequently plant water uptake. Lower plant water uptake from these root zones reduces the 

canopy water potential, and thereby increases canopy stomatal resistance (rc) (Grant et al., 1999) 

causing declines in CO2 diffusion and carboxylation, and thereby in CO2 fixation. These 

processes are explicitly modelled in the comprehensive terrestrial ecosystem model ecosys 

(Grant (2001, 2014); Grant et al., 2012). Ecosys has been rigorously tested against field 
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experiments under a wide range of environmental conditions. Ecosys has been used to model the 

effect of salinity on crop growth and plant water use under different salinity levels in different 

sites by Grant (1995). Although ecosys has not yet been used to model these processes in 

reclaimed lands, in the current study ecosys was used to model salt redistribution, soil osmotic 

potential (), soil water potential (s) and thereby the influence of salinity on plant water 

uptake and productivity. The current study was conducted (1) to understand long term salinity 

changes in reclaimed areas with different cover depth (2) to understand the effect of salinity on 

vegetation growth, particularly  during drier periods, and thereby determine suitable cover depth 

for reclamation, and (3) to understand long term topographical effects on salt discharge from 

reclaimed sites.  

3.2. Materials and Methodology 

3.2.1 General model description 

Ecosys is a comprehensive mathematical model that has the ability to represent multiple 

soil and canopy layers in soil-microbe-canopy–atmosphere systems at three-dimensional scales. 

The model simulates physical, chemical and biological processes in natural and disturbed 

terrestrial ecosystems through the acquisition, transformation and transfer of radiation, water, 

carbon, oxygen, nitrogen and phosphorous (Grant, 2001) and includes site-independent 

algorithms for all the processes, so as to achieve realistic landscape-scale predictions of 

productivity under a wide range of site conditions. The key parameters and algorithms used in 

ecosys were described in Grant (2001; 2014) and Grant et al. (2012) and remain unchanged from 

those used in earlier studies cited above. The major algorithms that govern the lateral and vertical 

solute fluxes and solute transformations, osmotic potential and thereby soil water potential, plant 

water uptake and their effects on net primary productivity (NPP) in ecosys are given below with 



72 

 

reference to supporting equations given in appendices B to E in the Supplement as listed in Table 

2.1.  

3.2.1.1. Salt redistribution and effect of salinity on soil water potential  

In ecosys, solute fluxes are initialized with solute concentrations (Cs) of NH4
+, H+, Na+, K+, 

Ca2+, Mg2+, Fe2+, Al3+, Cl-, OH-, NO3
-, HCO3

-, CO3
2-, PO4

3-, and SO4
2-

 in each soil layer 

according to results from saturated paste extracts. All of these solutes are subjected to 

convective-dispersive transfer vertically and laterally (Bresler, 1973) among different soil layers 

(equation (1)). Convective transfer is controlled by water flow and solute concentrations whereas 

dispersive transfer is controlled by aqueous solute concentration gradient and dispersivity in soil 

calculated as functions of water flux and water filled porosity [D20] and water flow length [D21] 

(Grant, 1995, 2001). Also the diffusive component of dispersivity has a tortuosity term 

calculated from 2 [D20] so that it declines with soil drying. 

 

where: Q
s
 = aqueous flux of solute (g m-2 h-1), Q

w
 = subsurface water flow (m3 m-2 h-1)  [D7], Cs 

= aqueous concentration of solute in soil (mol m-3), Dscaqueous diffusivity-dispersivity of 

solute (m2 h-1), Lx = length of landscape element in vertical or horizontal dimensions (m). 

Solute concentrations [Cs] are controlled by precipitation-dissolution [E1 – E9] and ion 

pairing reactions [E22 – E55] according to solubility products, and by adsorption- desorption 

through cation [E10 – E15] and anion [E16 – E20] exchange reactions according to selectivity 

coefficients (Grant, 2001). In reclaimed landscapes, saline sodic overburden contains higher Cs 

than do reclamation covers so that these solutes may move up into the reclamation covers 

through vertical convective-dispersive transfers across the cover-overburden layer resulting 

Q
s
 =  Q

w
 [Cs] + 2 D

sc
([ Cs]x

 - [Cs]x+1
)/ ( L

x
+ L

x+1
 )         (1) 
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saline root zones. In addition, overburden contains large amounts of gypsum, the dissolution of 

which increases the salinity in root zone through upwards diffusion of SO4
2- and Ca2+. Further, 

water accumulates at cover-overburden interface due to lower saturated hydraulic conductivity 

(K) of overburden which enhances the upwards salt movements. Salt migration into the root zone 

is greater in shallow covers due to shorter distance for salts to diffuse from the cover- overburden 

interface into the root zone. 

Salinity is commonly measured in soils as electrical conductivity (EC). In ecosys, EC of 

the soil solution is calculated by the summation of each ion’s EC calculated from Cs, valence and 

an ion-specific coefficient (equation (2)) (Grant, 1995, 2001). These calculated EC values were 

used for model validation against EC measurements.  

                                                          (2) 

where: EC = soil electrical conductivity (dS m-1), V= valence of the ion, a = ion specific 

coefficient, S = number of ion species represented in the model.   

 The calculation of aqueous ion concentrations in ecosys is described in Grant (1995) and 

solution concentrations of all ions and ion pairs are used to calculate (equation (3)).  

                                                                         (3) 

where: soil osmotic potential (MPa), R = gas constant (J mol-1 K-1), T = soil temperature (K). 

In soil water systems, s (equation (4)) is calculated by adding m depending on , soil 

osmotic potential (depending onsoil Cs and gravitational potentials (g) depending on 

elevation (Grant, 1995). Higher Cs in the cover and overburden (within the root zone) decrease 

the  (equation (3)) and subsequently s (equation (4)) (Grant, 1995). 

                                                         (4) 
s 
= 

m





g
 

V aC EC s 
S=1 s  

.   
 

 

6 
10 . 

    
S 
 S=1 s C RT   
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3.2.1.2. Canopy water potential and gross primary productivity as affected by changes in 

soil water potentials due to salt movement 

In ecosys, surface energy exchanges (equation (5)) derived from incoming shortwave and 

longwave radiation, air temperature, humidity, and wind speed are used to determine efflux of 

ET from canopy layers [B1b and B1c] regulated by aerodynamic resistance (ra) and canopy 

stomatal resistances (rc), and of evaporation (E) from canopy, snow, surface litter [D6a] and soils 

surfaces [D6b] regulated by ra (Grant et al., 1999).  

Rnci + LEci + Hci + Gci = 0             (5) 

where: subscript i = species or plant functional type (PFT); Rnci = canopy net radiation (W m-2), 

LEci = latent heat flux between canopy and atmosphere (W m-2), Hci = canopy sensible heat flux 

(W m-2), Gci = canopy storage heat flux (W m-2). 

The transpiration flux (Eci) in equation (5) is coupled to total water uptake (Uc) which is 

calculated from the difference between c and s across soil and root hydraulic resistances (s) 

and (r) in each rooted soil layer (equation (6)). These calculations determine the transpiration 

from canopy surfaces and thereby water removal from soil profiles through the roots. 

 (ea – ei(Tci))/(rai + rci)  = Σl Σr( ci - sl)/(si,r,l + ri,r,l + Σx ai,r,l,x) + cici/t              (6) 

where: subscripts l = soil layer, r = root or mycorrhizae, x =1, 2 (1= primary root, 2 = secondary 

root; ea = atmospheric vapor density at air temperature (Ta) and ambient humidity (g m-3), ei(Tci) 

= canopy vapor density at Tci (g m-3), Tc = canopy temperature (K), rai =aerodynamic resistance 

to vapor flux from canopy (s m-1), rci = canopy stomatal resistance to vapor flux (s m-1), ci 

canopy water potentialMPa), ssoil water potential (MPa) , si,r,l = radial resistance to 

water transport from soil to surface of roots or mycorrhizae (MPa h m-1), ri,r,l = radial resistance 
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to water transport from surface to axis of roots or mycorrhizae (MPa h m-1), ai,r,l,x = axial 

resistance to water transport along axes of primary or secondary roots or mycorrhizae (MPa h m-

1), all calculated from root lengths and surface areas,ci = canopy capacitance (m3 m-2 MPa-1), t 

= time (h). 

Greater Cs in root zone decreases 


(equation (3))and which subsequently lowers 
s
 

(equation (4)). During soil drying, lower θ lowers 
m 

and increases Cs and hence lowers 

 so 

that further decreases 
s
.  

Lower 
s
 and hence Uc decrease 

c 
which decreases canopy turgor potential (t) (equation 

(7)) (Grant et al., 1999). 

ti   =  ci -i                                 (7) 

 

where:t = canopy turgor potential (MPa), c = canopy water potential (MPa),  = canopy 

osmotic potential (MPa) calculated from canopy solute concentrations.  

Lower t controls stomatal closure as rc is minimum (rcmin) at zero c and rises 

exponentially with declining t (equation (8)) causing full stomata closure when t reaches zero 

MPa. 

 rci = rcmini + (rcmaxi – rcmini) e(-ti)                (8) 

where: rci = canopy stomatal resistance to vapor flux (s m-1) rcmin = minimum rc at ψc = 0 MPa (s 

m-1) calculated from carboxylation rates [C5], rcmax = canopy cuticular resistance to vapor flux (= 

5.0 × 103 s m-1) [Larcher, 2003], β = stomatal resistance shape parameter (= -5 MPa-1) [Grant and 

Flanagan, 2007], t = canopy turgor potential (MPa). 
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Increased rc or decreased canopy stomatal conductance (gc = 1/rc) reduces CO2 diffusion 

into the leaves (equation (9)) thereby CO2 fixation [C3]. 

   Vgi,j,k,l,m,n,o = (Cb – Cii,j,k,l,m,n,o) / rli,j,k,l,m,n,o           (9) 

 

where: subscripts i = species or plant functional type (PFT), j = branch or tiller, k = node, l = 

canopy layer, m  = leaf azimuth, n = leaf inclination, o =leaf exposure (sunlit vs. shaded); Vg = 

leaf CO2 diffusion rate (μmol m-2 s-1), Cb = [CO2] in canopy air (μmol mol-1), Ci = [CO2] in 

canopy leaves (μmol mol-1), rl = leaf stomatal resistance (s m-1
).  

Canopy carboxylation rates (Vc) are coupled with CO2 diffusion rates by solving for a 

common value of Ci, and so are calculated from stomatal and nonstomatal effects on CO2 and 

light limited carboxylation (Grant and Flanagan, 2007). Lower GPP and thereby NPP (GPP – 

autotrophic respiration (Ra)) are thus obtained with lower s andc as affected by  from Cs 

determined by salt movement (Section 3.2.1.1). Lower rc from higher Cs reduces the CO2 

fixation and thereby growth of plants in shallow covers compared to those in the deeper cover. 

Steep slopes created during upland reclamation increase downslope salt movement through 

lateral subsurface flow of water which accumulates at the cover-overburden interface. This 

movement causes salt discharge to lower surrounding areas through water discharge from the toe 

of the hillslope in the reclaimed sites. This salt movement causes salinization in the lower slope 

positions and downslope areas. As reclamation progresses root zone Cs and thereby EC in lower 

slopes reach the threshold level for plant productivity (4 dS m-1), particularly in shallow covers. 

Thus, lower plant growth will be observed in lower slope positions particularly with shallow 

covers.  
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3.2.2. Site description 

South Bison Hills (SBH) watershed is located within the Syncrude Canada Ltd. Mildred 

Lake mine operation, Alberta, Canada. The mean annual temperature and the mean annual 

precipitation (1981 -2010) of the SBH area are 1.0 °C and 418.6 mm respectively (Environment 

Canada, 2014) and the area is classified as sub-humid climate (Kelln et al., 2007). The SBH 

capping trial research watershed began in 1998, constructed on 100 x 106 m3 of saline-sodic 

(Clearwater Formation) overburden with overlying soil covers and extends over a 2 km2 area 

with a plateau (Huang et al., 2015b). The slope of the overburden dump was designed with a 1:5 

(20%) incline (Boese, 2003). Three adjacent covers with depth of 35 cm, 50 cm and 100 cm 

constructed along the north facing slope (5 horizontal:1 vertical) of SBH were used as the 

experimental sites for the study. Each cover was approximately 200 m in length and 50 m in 

width (approximately 1 ha) and consisted of peat mineral mix (PMM) and subsoil materials 

which overlaid saline sodic overburden as in Figure 2.1 (a). In the spring of 1999, barley was 

seeded to a density of 25 kg ha-1 in each plot to reduce erosion and to stabilize the slope. 

Fertilizer was applied prior to tree planting at the rate of  35 kg N ha-1, 46 kg P ha-1, 44 kg K ha-1 

and 14 kg S ha-1 (Lanoue, 2003; Garrah et al., 2013). In the fall of 1999, white spruce (Picea 

glauca (Moench) voss) and aspen (Populus tremuloides Michx.) seedlings were planted in 

alternate rows (Hilderman, 2011) in each cover with a total density of 1,600 stems ha-1 (50:50 

mix of aspen and white spruce) to revegetate to a mixed-wood boreal forest. Further details of 

site description and reclamation methods can be found in Sections 2.2.2.1 and 2.2.2.2. 
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3.2.3. Field data collection  

3.2.3.1. Weather 

 Solar radiation, maximum and minimum air temperatures, precipitation (P), wind speed, 

and relative humidity were recorded daily from January 1, 1999 to December 31, 2015. Except 

for winter P and solar radiation, all the other measurements were taken from the SBH weather 

station which was built on the middle slope of the 35 cm cover. There was uncertainty in the 

accuracy of the P data in some data collection years, hence, the winter P (October 1 to March 31 

every year) and solar radiation until 2006 (January 1 to December 31 every year) were taken 

from the Fort McMurray airport weather station located approximately 40 km south from the 

site. Winter P and solar radiation from 2007 were taken from the Mildred Lake airport weather 

station (built in 2007) located approximately 6 km northeast of the study site. These daily data 

were read into ecosys where they were resolved into hourly values to match the hourly time step 

at which the model functions. 

3.2.3.2. Hydrology 

SBH is an instrumented watershed, and the details of the installation of all the instruments 

were described in Boese (2003). Both the θ and m were measured using time domain 

reflectometry (TDR) probes and CS 229 sensors respectively at the middle slope position of each 

cover from 1999 to 2015. However, data were missing for some years due to temporary 

instrumentation failures. Values of  in the 50 cm cover were only used to 2006; instruments 

were replaced in 2007 which resulted in a shift of measured readings pre- and post-instrument 

replacement (O’Kane Consultants Inc., 2012a). These θ and m data were downloaded from the 

proprietary Syncrude watershed database and were used to derive key soil properties or to 

validate model outputs and thereby to determine the effect of cover depth on soil water storage.  
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3.2.3.3. Aboveground biomass 

Aboveground biomass carbon was estimated by Macyk et al. (2009) and Drozdowksi et al. 

(2011, 2014) for planted aspen and white spruce trees in 35 cm, 50 cm and 100 cm covers. The 

height, base and breast diameters of planted trees were collected annually (2007 - 2013) from 10 

m x 10 m permanent sampling plots which were established in upper, middle and lower slope 

positions of all the reclamation covers in 2007 (Macyk et al., 2009;  Drozdowksi et al., 2009, 

2014). The aboveground biomass carbon values for each species were estimated using allometric 

equations relating to measured breast height and basal tree diameters in the sampling plots and 

species specific density and expansion factors for branch and leaf/needles developed for Alberta 

species (Alberta Environment, 2007). These data were used to validate the modelled 

aboveground carbon biomass and thereby to understand the effect of cover depth on net primary 

productivity. 

3.2.3.4. Salinity measurements  

In July 2013, pits were dug up to 30 cm in top, middle and bottom slope positions of each 

reclamation cover. Soil cores were used to take soil samples at 7.5 cm intervals in 35 cm cover 

and 10 cm intervals in 50 cm and 100 cm covers for each pit, and subsamples were taken to 

increase the accuracy of measured values. The EC and pH in saturated paste extracts 

(McKeague, 1978) were measured using an Accumet XL200 pH/conductivity meter. The EC 

values measured in June 2002, October 2005, August 2007, August 2008, and September 2012 

were taken from the experiments done by Kessler (2007), Hilderman (2011) and Northwind 

Land Resources Inc. (2014). The same saturated paste extraction procedure was followed to 

measure EC in all the experiments. These data were used to validate the modelled EC values.  



80 

 

3.2.4. Model experiment: South Bison Hill reclamation site as represented in ecosys model 

runs 

3.2.4.1. Landscape 

The information for site management and soil properties collected during 1999 and 2000, 

were used to construct the input files used to initialize ecosys for SBH. These inputs represent 

the actual field characteristics which include site, weather, and plant and soil management data 

used by ecosys to simulate site conditions during the experiment. Each reclamation cover was 

represented in the model as a transect of six interconnected grid cells each of which had a 

dimension of 50 m x 40 m. Five grid cells represented the slopes as shown in Figure 2.1 (b) and 

one grid cell represented the level area above the slope corresponding to the landscape at SBH. 

All the input data (site, weather, soil properties, soil and plant management) were the same 

among reclamation covers except cover depths as described in Section. 2.2.2.1.  

3.2.4.2. Soil properties 

Soil physical and chemical properties were taken from the studies done by Macyk (1999), 

Meiers (2002) and Yarmuch (2003) and soil biological properties were taken from the study 

done by Lanoue (2003) in the SBH site. The θFC and θPWP for PMM, subsoil and overburden 

(Table 2.2) were derived from water desorption curves developed using measured θ vs. m data. 

Although measured TDR values had indicated slightly different θFC and θPWP at different depths in 

the three covers, average values were used for each material in each reclamation treatment so that 

modelled differences in soil and plant water status and in plant growth could be attributed to 

those in capping depth. Saturated hydraulic conductivity values (Table 2.2) reported by Meiers et 

al. (2011) were used as inputs from which the model calculated unsaturated values (Grant et al., 

2004). The key soil chemical properties used to model salt redistribution in PMM, subsoil and 
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overburden are given in Table 3.1. The pH and soluble ion concentrations were measured from 

saturated paste extracts and further details of analytical methods can be found in Macyk (1999), 

Yarmuch (2003) and Wall (2005). Although the measured soluble ion concentrations in saturated 

extracts showed variation for each material in the slope positions in the three covers, average 

values were used for each material in each reclamation treatment so that modelled differences in 

salt redistribution and osmotic stress and in plant growth could be attributed to those in capping 

depth. A trace amount of gypsum (100 g Ca Mg-1) was included in the lowest subsoil layer in 

each cover as observed by Wall (2005). These data were used as inputs in the model to drive soil 

functions for salt movement. The three horizons of the soil profile (PMM, subsoil (till) and upper 

overburden (Figure 2.1 (a))) were subdivided into 15, 16 and 19 soil layers for the 35 cm, 50 cm 

and 100 cm capping depths respectively to increase spatial resolution and enable comparison of 

water and salt movements with measured values. The overburden depth in each reclamation 

cover was set to a constant value (3 m) to model water and salt movements to/from the 

overburden. The root studies (Karst and Landhäusser, 2014; Van Rees, 2014) that had been 

conducted in the study area showed that only a very small fraction of roots penetrated into the 

overburden, most of which were within 25 cm below the cover-overburden interface. Soil 

resistance equations used in the model for root growth in crops by Da Silva and Kay (1997) and 

Chen and Weil (2011) did not limit root penetration into overburden in the model as much as 

was observed. Maximum rooting depth in the model was therefore restricted to 25 cm below the 

interface for each cover.  

3.2.4.3. Land management 

At the beginning of simulation runs (1999) the modelled landscapes were initialized with 

the soil properties described in Section 3.2.3.1 and seeded with barley and fertilized in spring 
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1999 as described in Section 3.2.2.1. Aspen and white spruce plant functional types (PFTs) and 

grass and clover PFTs were seeded in each grid cell in summer 1999 at the densities described 

under the reclamation method in Section 2.2.2.2. In 2007, ingress plants were seeded as 

described under Section 2.2.2.2. The model was run for 17 years (1999 - 2015) using the daily 

weather data described in Section 2.2.3.1.  

3.2.4.4. Model runs with hypothetical non-saline sodic overburden 

A parallel modelling was performed for the three reclamation covers substituting the larger 

overburden salt concentrations (Ca2+, Mg2+, Na+, K+, SO4
2-, and Cl-) with smaller subsoil mineral 

soil concentrations and with trace gypsum amount in overburden (10 g Ca Mg-1) with everything 

else unchanged. The outputs from these parallel modelling were used to compare the effect of the 

saline-sodic overburden (SSOB) used to represent site conditions with those of a hypothetical 

non-saline-sodic overburden (NSSOB) to estimate overburden salt effects on , s, c and 

thereby NPP.  

3.2.4.5. Model validation 

Model results for water uptake and aboveground carbon biomass were validated with 

field measured values at different slope positions for the three cover depths as described in the 

Section 2.3.  Modelled EC in each reclamation cover was compared with field measured values 

to validate modelled salt movement at different slope positions over the reclamation period.   

3.3. Results  

3.3.1. Modelled vs. measured salt redistribution in different reclamation covers 

 Modelled salt redistribution patterns indicated by EC calculated from Cs (Eqn 2) in each 

cover were consistent with the field observed redistribution patterns over the reclamation period 
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(Figures 3.1 and 3.2), with most of the modelled EC (Figures 3.1 and Figure 3.2) lying within the 

standard deviations of measured values. However, the observed EC in different covers were not 

significantly different (P > 0.1) due to large uncertainties in measured values indicated by the 

standard deviations (Figure 3.1). Different cover depths showed similar trends in which EC 

increased with soil depth to largest values in the overburden. Modelled salinity levels in upper 

subsoil soil layers (20 - 50 cm) increased during 5-6 years from start of reclamation. Greater 

modelled EC in cover material was observed within the 10 - 15 cm zone above the cover-

overburden interface (interface) particularly in 35 cm and 50 cm covers (Figures 3.1 and 3.2). 

Thus, EC in soil more than 25 cm (Figure 3.2b) and 40 cm (Figure 3.2h) below the surface in the 

35 cm and 50 cm covers respectively approached 4 dS m-1 (threshold level for adverse effects on 

productivity) while that in the 100 cm cover approached this threshold at 90 cm (Figure 3.2n).  

After 2008, a gradual levelling off and subsequent decline of simulated EC was modelled 

at 10 cm above the interface in the 35 cm (Figure 3.2b) and 50 cm (Figure 3.2h) covers. This 

decline was due to balancing salt movement into the root zone by diffusion with salt removal 

from the root zone by lateral water flow and subsurface discharge caused by greater precipitation 

after 2008 (Figure 3.2). However, modelled EC values at 90 cm in the 100 cm cover did not 

show any decline during the same period (Figure 3.2 n). In addition, a greater decline of EC was 

modelled and measured in the overburden layer below the interface in the 35 cm (Figure 3.1b-d 

and Figure 3.2c) and 50 cm (Figure 3.1f-h and Figure 3.2i) covers vs. 100 cm cover (Figure 3.1j-l 

and Figure 3.2o). These values indicated more rapid early salt movement from the overburden 

into the root zone in the shallow covers. 

Steep slopes created during reclamation caused downslope water flow through lateral 

subsurface and surface runoff (Section 2.3.6). This flow drove downslope salt movement through 
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lateral convective-dispersive transfer (Eqn 1) causing slight EC differences modelled with slope 

positions in each cover that were comparable with measured differences (Figure 3.1). Even 

though slightly higher EC was measured and modelled in the root zone at lower or middle slope 

positions in all the covers (Figure 3.1), a clear consistent topographical pattern was not identified 

during 2002, 2008, 2012 (Figure 3.1) and 2015 (data not shown), indicating a limited effect of 

topography on salt movement within the reclamation period.  

The modelled EC in the NSSOB runs was always less than 1 dS m-1 in the root zones of all 

the reclamation covers (data not shown), indicating that increases in EC modelled in the root 

zones of the covers (Figures 3.1 and 3.2) could be attributed to salinity that originated in the 

overburden. 

3.3.2. Effect of cover depth on osmotic water potential within the root zone 

The increased Cs modelled with SSOB reduced the  (Eqn 3) along the soil profile in 

each cover from that modelled with NSSOB (Figure 3.3). As expected, Cs and  modelled with 

SSOB (Figure 3.3) followed a profile similar to that of EC calculated from Cs (Eqn (2)) (Figure 

3.1) for all the covers. Therefore, greatest Cs was modelled in the lowest overburden layer 

(Figure 3.3 a-c) and gradually declined towards the cover-overburden interface due to upwards 

salt movements. However, modelled Cs with NSSOB was very low for all the covers (Figure 3.3) 

so that modelled  (Eqn 3) remained high. These differences in Cs and between SSOB and 

NSSOB in the root zones in Figure 3.3 can be attributed to the salinity originating in the 

overburden.  



85 

 

3.3.3. Effect of saline sodic overburden on NPP and aboveground biomass 

The effect of modelled Cs and in SSOB vs. NSSOB covers on water relations (c and 

gc) and CO2 exchange were likely to be more apparent with drier soil and so were compared 

during the dry year 2011 (Figure 3.2) for aspen (Figure 3.4) and spruce (Figure 3.5). A clear 

decrease in modelled c and gc and thereby a slight decline in CO2 flux were modelled in the 35 

cm cover with SSOB vs NSSOB for both aspen and spruce (Figures 3.4 (a1-a3) and 3.5 (a1-a3)) 

indicating that salts originating in the overburden below the shallow cover reduced s, c and 

thereby CO2 fixation. A slight decrease in c, gc and CO2 flux in aspen and a slight increase in 

c, gc and CO2 flux in spruce (Figures 3.4 (b1-b3) and 3.5 (b1-b3)) were modelled in the 50 cm 

cover with SSOB vs. NSSOB during the same dry period. A slight increase in c, gc and CO2 

flux in both aspen and spruce were modelled in the 100 cm cover with SSOB vs. NSSOB. 

Greater adsorbed NH4
+ in soil profile and slightly higher plant N stress were modelled in all the 

covers with NSSOB than with SSOB (data not shown). The soil volume above the overburden 

was greater for 100 cm cover than the other two covers thereby more NH4
+ was adsorbed to the 

soil particles with NSSOB. This adsorption effect might become more apparent with the less salt 

effect on s with NSSOB in the 100 cm cover. Therefore, the decline of c, gc and CO2 flux in 

PFTs in 100 cm cover with NSSOB was attributed to less desorption of adsorbed NH4
+ from 

cation exchange sites by smaller cation (Ca2+, Mg 2+, K+ and Na+) concentrations modelled in 

root zones above NSSOB, thereby reducing plant nitrogen uptake particularly in dry year due to 

lower .  

No reductions in s, gc, c and CO2 fixation were modelled with SSOB vs. NSSOB 

during wetter years (data not shown). This was attributed to increasing s and from salt 

dilution with greater  in the root zone during wetter years.  
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Reductions in CO2 fixation modelled with SSOB relative to NSSOB in shallow covers 

during drier years (Figure 3.4a3) did not much affect long-term tree NPP and growth. The 

average planted tree NPP modelled with SSOB was similar to that with NSSOB across slope 

positions in all the covers after crown closure (data not shown). However, slightly smaller aspen 

biomass and consequently slightly greater spruce biomass was modelled with SSOB vs. NSSOB 

for 35 cm and 50 cm covers (Figure 3.6 a,b). However similar biomass was modelled with SSOB 

and NSSOB for both aspen and spruce in the 100 cm cover (Figure 3.6c). The modelled total 

planted tree biomasses were similar with NSSOB and SSOB for all the covers (3.6d) due to 

offsetting changes in aspen and spruce growth. Model results indicated that salts originating in 

the saline overburden did not adversely affect tree growth under the conditions at SBH.  

3.3.4. Salt discharge to surrounding areas from reclaimed landscapes  

Lower total salt discharge rates were modelled for all the reclamation covers until 2008 

and higher rates were modelled thereafter (Figure 3.7), varying with subsurface discharge rates 

in Table 2.6 in Chapter 2. The subsurface water discharge rates were low before 2008 because of 

lower precipitation vs. evapotranspiration (data not shown). After 2008, a slightly higher steady 

salt discharge rate (1.5 mol m-2 y-1) was modelled in 35 cm and 50 cm covers except for the 

driest (2011) and wettest (2013) years which showed temporary fluctuations (Figure 3.7). In the 

early reclamation period before 2008, slightly higher salt discharge rates were modelled in 35 cm 

and 50 cm covers than in the 100 cm cover from which greater discharge rates were modelled in 

wet years after 2012 (Figure 3.7). Lower salt discharges in 2011 were consistent with the lower 

precipitation (Figure 3.7) and hence lower downslope water flow and subsurface discharge 

(Table 2.6 in Chapter 2). However, greater  in a subsequent wet year (2013) increased salt 

discharge particularly in the 100 cm cover. Even though the water discharge was low (Table 2.6 
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in Chapter 2), greater EC and Cs in lower root zone of the 100 cm cover (Figure 3.2n and Figure 

3.3c) contributed to the increased salt discharge. The modelled salt discharge rates were 

consistent with the modelled EC in lower subsoil (Figure 3.2b,h,n) and upper overburden (Figure 

3.2c,i,o) layers which showed a stable value after 2008 (Figures 3.1 and 3.2) particularly in 35 

cm and 50 cm covers. This stable EC indicates that upward salt diffusion from the overburden 

into the root zone had equilibrated with lateral transport and discharge from the root zone.  

3.4. Discussion 

3.4.1. Influence of cover depth on root zone salt concentrations  

The similar EC gradients modelled and measured in the three covers during the 

reclamation period indicated the ability of ecosys to simulate salt movement from the saline 

overburden into the covers. In ecosys, upward salt diffusion from overburden into cover material 

was modelled from convective-dispersive transfer driven by vertical solute concentration 

gradients between the overburden and the cover (Eqn 1) (Figure 3.1 and 3.3). The measured and 

modelled in the overburden changed little (Figure 2.2), because of low K (Table 2.1), 

indicating limited water exchange and hence limited contribution of convection to salt movement 

between the overburden and the cover. Studies conducted by Kessler (2007), Hilderman (2011) 

and Klohn Crippen Berger Ltd. (2013) found a similar salt distribution pattern in three different 

cover depths in SBH and stated that diffusion was the major upwards salt transport mechanism in 

these covers.  

Salt diffusion modeled from the overburden was also affected by soil water-filled porosity 

in the covers. In ecosys, greater distance of salt movement modelled in the 100 cm cover ca. 60 

cm above the interface (indicated by slightly increased EC in Figure 3.2m and Figure 3.1j,l),  

consistent with observations in Klohn Crippen Berger Ltd. (2013), was modelled through greater 



88 

 

aqueous dispersivity in soil as a function of greater water filled porosity [D 20]  (Figure 2.3 in 

Chapter 2). This indicated that the distance of upward salt transport from the overburden into the 

covers during land reclamation were also affected by cover . Smaller salt movement distances 

were modelled with lower  in shallower covers because lower  reduced Dsc in Eqn 1. 

Stabilization of modelled Cs in the cover occurred when upward diffusion equilibrated with 

lateral flow and discharge of the diffused salts. Early Cs stabilization following slight declines in 

the 35 cm and 50 cm covers vs. 100 cm cover (Figure 3.2), indicated the influence of cover depth 

on the Cs stabilization. The 35 cm and 50 cm covers in our study were closer to the overburden 

and had lower soil volume (Figure 2.1a). Therefore Cs above the overburden increased during the 

early reclamation period before 2008, apparent as rising root zone EC, but decreased gradually 

thereafter (Figures 3.1 and 3.2) due to increased salt discharge with lateral flow (Figure 3.7). 

These results were consistent with Nichol et al. (2006) (as cited in Klohn Crippen Berger Ltd. 

(2013)) who predicted that salinity levels would decrease over the reclamation period after 

reaching a maximum level due to salt discharge from the reclamation covers at SBH, using a 

modelling study. They further suggested that this maximum salinity could be reached 5-100 

years after the start of land reclamation according to downslope lateral flow and net water 

percolation rates in these covers. 

Salt concentration gradients driving diffusion were maintained by salt generation within 

the overburden. The increased salinity level during 1-3 years from the start of reclamation 

(Figure 3.2) indicated the diffusive movement of salts already present in the overburden (Table 

3.1). Dissolution of both pyrite (FeS2) and gypsum (CaSO4) generated additional soluble salts in 

the marine origin shale overburden as described in a sequence of reactions by the Kessler (2007). 

Pyrite was not modelled in ecosys therefore continued generation of soluble salts, particularly 
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SO4
-2, from shale overburden in the model was limited to those from gypsum dissolution 

governed by a solubility product [E4]. Rates of dissolution were controlled by those of product 

(Ca2+ and SO4
2-) removal through convective-dispersive transport into the covers according to set 

aqueous diffusivity values. These rates eventually equilibrated with rates of discharge through 

downslope flow. If the steady salt discharge rate (1.5 mol m-2 y-1) was similar to diffusion 

driven by the gypsum dissolution rate plus diffusion of other salts, the average daily SO4
2- 

production for all the covers was ca. 0.33 g SO4
2--S  m-2 day-1 for the non-frozen period, assumed 

to be 150 days in this calculation, because little or no salt generation and diffusion occurs in 

winter (Kelln, 2008; Appels et al., 2017) due to lower temperature and  This estimated salt 

production rate was within the ranges that were calculated by Hilderman (2011) (0.04 - 0.77 g 

SO4
2--S  m-2 day-1), by Huang et al. (2015b) (0.12 - 3.32 g SO4

2--S  m-2 day-1) and by Appels et al. 

(2017) which were 0.23-2.77 g SO4
2--S m-2 day-1 during the non-frozen period at SBH. But the 

value was lower than the estimated value by Wall (2005) of 0.43 g m-2 day-1 SO4
2--S. These rates 

contributed to declines in overburden EC modelled in Figure 3.2c-e,i-j and o.  

 The modelled and measured results demonstrated that Cs within the root zones in 35 cm 

and 50 cm covers (starting from 25 cm and 40 cm below soil surface respectively) vs. 100 cm 

cover reached the threshold level for affecting plant productivity (4 dS m-1) during the early 

reclamation period (before 2008) due to upwards salt movements through dispersive transfers. 

3.4.2. Root zone salt concentration effects on water relations  

In ecosys, the effect of greater root zone Cs on plant growth was modelled through a 

sequence of processes representing basic theories in salinity and its effects on soil-plant-

atmosphere water relations (e.g. Larcher, 2003), avoiding site specific parameters. Therefore salt 

effects on the modelled water relations depended on the inputs of soil properties, weather, and 
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soil and plant management without site-specific calibration of model parameters (Grant, 1995). 

In ecosys, greater Cs in the root zone reduced  (Eqn 3), s (Eqn 4), Uc and thereby c (Eqn 6). 

Lower c reduced t and gc and hence CO2 fixation and plant growth. However, effects of ion 

toxicities or other ion deficiencies were not included in ecosys so that the salinity effect was 

entirely attributed to osmotic stress (Grant, 1995). 

Average salinity within root zones was greater than 4 dS m-1 in the 35 and 50 cm covers 

but not in the 100 cm cover above SSOB. The reductions of c, gc and CO2 fixation in 35 cm and 

50 cm covers with SSOB vs NSSOB (Figure 3.4 and 3.5) indicated that salts originating in the 

SSOB adversely affected the water relations and CO2 fixation in thinner covers particularly in 

dry periods. The effect of salinity on CO2 fixation (Figures 3.4 and 3.5) under limited water 

content modelled in the 35 cm cover (Figure 2.3 in Chapter 2) was consistent with the suggestion 

by Lilles et al. (2010) that fine-textured saline reclaimed sites need to have an adequate amount 

of water storage to avoid adverse effects of salinity on plant growth. However, under the current 

climate represented by weather data from 1999 to 2015, the dry conditions under which these 

adverse effects of salinity occurred were sufficiently infrequent that long-term tree growth was 

minimally affected.  

In addition to decreased  modelled salt generation in the overburden also increased 

NH4
+ availability by forcing greater desorption of adsorbed NH4

+. The effect of decreased 

was greater for shallower covers due to lower  and . However, the effect of increased 

NH4
+ availability was greater in thicker covers due to greater  and  Lower c, gc and thereby 

slightly higher CO2 fixation in both aspen and spruce in 100 cm cover with SSOB vs. NSSOB, 

indicated (Figures 3.4 and 3.5) the positive effect of greater cation concentrations within the root 

zone, particularly Ca2+ which was generated through gypsum dissolution. The effect of cover 
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depth on NH4
+ availability and uptake will be examined in more detail in Chapter 4. The 

increased NH4
+ availability and plant uptake modelled here with the presence of Ca2+ was 

demonstrated by Koenig and Pan (1996) using laboratory, greenhouse and field experiments. 

They attributed increased soil solution NH4
+ concentration with greater Ca2+ to preferential 

adsorption of Ca2+ and the consequent displacement of NH4
+ from soil exchange sites. However, 

further work is needed to elaborate the effect of gypsum particularly Ca2+ in overburden on 

nutrient availability in reclaimed landscapes. 

The limited effect of salinity on tree water relations and growth modelled in this study was 

consistent with earlier observations on reclaimed and natural saline landforms in the AOSR. 

Purdy et al. (2005) stated that boreal mixed-wood species could exist in sites with salinity greater 

than 10 dS m-1 as long as salts remain below the root zone and sufficient freshwater (from 

surface flow or precipitation) available for plant growth. Lilles et al. (2010) also found that 

typical boreal forest species grew in the areas with a forest floor plus 20 cm of low saline soil (< 

4 ds m-1) as in the 50 cm or 100 cm covers in Figure 3.2. However, all of the sites in these 

studies were wet for most of the growing season and did not have any moisture or nutrient 

limitation.  

The adverse effects of salinity modelled during dry periods in this study were more 

apparent in modelled CO2 fixation and growth of aspen (Figure 3.4) than of spruce (Figure 3.5). 

This model result was consistent with observations on naturally saline sites in the northern 

Alberta boreal forest region where aspen growth was reduced when topsoil EC was less than 4 

dS m-1 and subsoil EC was 4-23 dS m-1 (McKenzie et al., 1993; Lilles et al., 2012) but spruce 

growth was not (Lilles et al., 2012). Greater spruce growth modelled in the current study with 

SSOB vs. NSSOB was enabled by reduced competition for light and nutrients with reduced 
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aspen growth. Renault et al. (1999) also found slightly higher survival rate of white spruce than 

of aspen grown in consolidated tailing with added NaCl plus Na2SO4. More rapid water uptake 

by aspen (Peterson and Peterson, 1995) than by spruce (Figures 2.6, 2.7) reduced  particularly 

in shallow covers during dry periods. Lower  in a saline soil further reduced water uptake by 

aspen giving a greater response to salinity by aspen than by white spruce. 

3.4.3. Effect of slope position on root zone salt concentrations and salt discharge to 

downslope areas  

In ecosys, downslope salt movement in the cover mainly occurred through convective 

transfer (Eqn 1) because of greater K and smaller lateral salt concentration gradients. Thus 

changes in salt discharge followed those in water discharge driven by excess precipitation 

(Figure 3.7). Even though wetter lower slope positions were modelled during the study (Figure 

2.4), a clear consistent topographical pattern for salt redistribution in the cover was not modelled 

in this study (Figure 3.1). These model results were consistent with the findings from field 

studies by Kessler (2007) and Klohn Crippen Berger Ltd. (2013) who could not establish a clear 

topographical effect of salinity at SBH. However, clear modelled EC increase from upper to 

lower and lower to middle slope positions in the 35 cm overburden (Figure 3.1d), indicated that 

there might be a long-term topographic effect on Cs redistribution which is not evident during 

this time period of this study. In SBH, water was drained to the ditches at the bottom of the 

constructed reclamation slopes. Therefore, salt movement into lower slope positions modelled 

from downslope water flow was offset by modelled salt discharge driven by modelled water 

discharge to the ditches (Table 2.6 in Chapter 2). Thus measured and modelled EC in the root 

zone of lower slope position was not increased in the current study. The salt discharge was not 

reduced with deeper cover, in fact it was increased due to greater diffusion with greater in the 
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100 cm cover as discussed in Section 3.4.1.1. However, if the salts discharged from steep 

reclaimed sites with SSOB are not properly managed, there is a greater potential for salinization 

in ecosystems receiving this discharge. 

3.4.4. Summary 

In summary, some plant growth reduction was modelled with salinity in shallow covers 

during dry years but a relationship between root zone salt concentration and biomass growth was 

not apparent. Shallow covers reached equilibration between salt discharge and salt generation 

earlier than did the thicker covers. Therefore upland reclamation with SSOB should consider: 

(1) Long term salinity evaluation to understand the effect of salts on forestland 

productivity. 

(2) Adequate cover depth to lower EC within the root zone as plant growth in shallow 

covers affected by greater salt concentration particularly during drier years. 

(3) More frequent droughts could reduce long-term plant growth and adversely affect 

establishment of commercial forest due to osmotic stress in covers with lower s 

determined by the cover depth. 

(4) Downslope discharge of salts transported from overburden to covers in reclaimed 

watersheds will increase the risk of salinization in down slope areas. 

Collectively, the findings showed that ecosystem models such as ecosys are well adapted 

for predicting short and long-term salinity effects in reclaimed landscapes and forest productivity 

with different reclamation depths, materials under different weather and management conditions. 
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Table 3.1. Key soil chemical properties used to model salt redistribution in three reclamation 

covers. 

a from Macyk (1999)  
b from Yarmuch (2003) 
c from Wall (2005) and Hilderman (2011)

 

 

 

 

 

 

 

 

 

  

Chemical Properties Peat Mineral Mix Subsoil/Till Overburden 

pHa 5.8 7.8 7.5 

Cation exchange capacity        

                          (cmol+ kg-1)b 86.3 15.6 20.6 

Aluminum          (g Al Mg-1) 0.4 0 0 

Iron                     (g Fe Mg-1) 0.4 0 0 

Calcium a            (g Ca Mg-1) 79 117 409 

Magnesium a       (g Mg Mg-1) 24 28 263 

Sodium a              (g Na Mg-1) 35 102 2339 

Potassium a           (g K Mg-1) 6 6 92 

Sulfate a                (g S Mg-1) 20 42 748 

Chloridea              (g Cl Mg-1) 15 22 105 

Gypsumc              (g Ca Mg-1) 0 0 3000 
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Figure 3.1. Mean modelled (solid line) and measured (symbols) electrical conductivity profiles at 

lower (orange), middle (brown) and upper (blue) slope positions in (a-d) 35 cm, (e-h) 50 cm and 

(i-l) 100 cm covers during 1999 (June), 2002 (June), 2008 (August), and 2012 (September). 

Vertical bars represent standard deviation of replications within each slope. Measured data from 

Macyk (1999), Hilderman (2011) and Klohn Crippen Berger Ltd. (2013). The pink dash lines 

indicate the top of overburden layer in each cover.  
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       Figure 3.2. Measured annual precipitation (blue bars) and daily modelled (black solid line) and 

measured (red dots) electrical conductivity at 10 cm, 20 cm, 40 cm, 55 cm, 90 cm and 105 cm 

soil depths at middle slope position in (a - e) 35 cm, (f-j) 50 cm and (k-o) 100 cm covers during 

the reclamation period. So b, h and n show EC at 10 cm above the overburden, and c, i and o 

show EC at 5 cm below the overburden in the 35, 50 and 100 cm covers. Vertical bars represent 

standard deviation of replications within each slope. Measured data from Macyk (1999), 

Hilderman (2011) and Klohn Crippen Berger Ltd. (2013). The light blue dash lines indicate the 

threshold EC value (4 dS m-1).  
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Figure 3.3. Modelled ion concentrations (a-c) and soil osmotic potential (d-f) in 35 cm (red), 50 

cm (black), and 100 cm (blue) covers during the drier year 2011 (195-201) with saline sodic 

overburden and non-saline overburden. The solid lines represent the values modelled with saline 

sodic overburden and dash lines represent the modelled values with non-saline overburden. 
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Figure 3.4. Modelled average (a1-c1) canopy water potential, (a2-c2) canopy stomatal resistance 

and (a3-c3) net canopy CO2 fixation of aspen along the slopes in 35 cm (red lines) 50 cm (black 

lines) and 100 cm covers (blue lines) during drier year 2011 (195-201) with saline sodic (solid 

lines) vs. non-saline sodic (dash lines) overburden. 

 

 

 

 

 

  



99 

 

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

1

3

5

7

9

195 196 197 198 199 200 201

0

5

10

195 196 197 198 199 200 201 195 196 197 198 199 200 201

(a1)

(a2)

(a3)

(b1)

(b2)

(b3)

(c1)

(c2)

(c3)


c
  
(M

P
a
)

g
c
  

(m
m

 s
-1

)
C

O
2
 f

lu
x

 (
m

m
o

l 
m

-2
 s

-1
)

DOY 2011
 

Figure 3.5. Modelled average (a1-c1) canopy water potential, (a2-c2) canopy stomatal resistance 

and (a3-c3) net canopy CO2 fixation of white spruce along the slopes in 35 cm (red lines) 50 cm 

(black lines) and 100 cm covers (blue lines) during drier year 2011 (195-201) with saline sodic 

(solid lines) vs. non-saline sodic (dash lines) overburden. 
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Figure 3.6. Modelled aspen and white spruce aboveground carbon biomass along the slopes in 

(a) 35 cm cover (b) 50 cm cover (c) 100 cm covers, and (d) total modelled planted tree carbon 

biomass in 35 cm (red), 50 cm (black) and 100 cm (blue) reclamation covers since site 

construction. Solid lines represent the carbon biomasses with saline sodic overburden and dash 

lines represent the carbon biomasses with non- saline sodic overburden. 
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Figure 3.7. (a) annual measured precipitation and (b) modelled salt discharge from 35 cm (red), 

50 cm (black) and 100 cm (blue) reclamation covers to downslope watershed since site 

construction.  
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Chapter 4 

Modelling nitrogen mineralization and plant nitrogen uptake as affected by 

soil cover depth in reclaimed upland forestlands of Northern Alberta 

4.1. Introduction 

Nutrient availability particularly nitrogen (N) greatly influences aboveground and 

belowground productivity and carbon sequestration in terrestrial ecosystems (Nadelhoffer et al., 

1985; De Vries et al., 2009). Also N is considered as the most important nutrient often limiting 

aboveground productivity in boreal forests (Mahendrappa and Salonius 1982; Van Cleve et al. 

1983; Kaye and Hart 1997). Therefore, understanding N availability and uptake is important to 

determine plant growth and thereby early forest development in boreal forest ecosystems after 

any land disturbances.  

Re-establishing equivalent land capability after open-pit mining considerably depends on 

nutrient availability in capping materials, considering that mining by-products used in 

reclamation have lower nutrient content particularly N and lower microbial activity than does 

native soil (Fung and Macyk, 2000; Sobek et al., 2000; Naeth et al., 2013; Macdonald et al., 

2015). Upland forest floor (LFH) and peat mineral mix (PMM), which is a mix of peat and a 

portion of underlying mineral below the peat, are mainly used as the capping materials in 

reclaimed areas (Rowland et al., 2009; Alberta Environment and Water, 2012). However, PMM 

has been used as the main nutrient source in most reclaimed areas due to its abundance since a 

large proportion of the mining footprint consists with bogs and fens (Fung and Macyk, 2000; 

Rowland et al., 2009; Hemstock et al., 2010; Pinno and Hawkes, 2015). In reclaimed areas 

particularly where PMM is used as the main amendment, available N for plant uptake is low due 

to slow decomposition and mineralization because of low microbial activities and large C:N ratio 
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(McMillan et al., 2007; Hemstock et al., 2010; Duan et al., 2015). Therefore a thin PMM layer 

itself may not be able to provide an adequate amount of available N to support early plant 

growth. Duan and Chang (2015) and Duan et al. (2015) stated the importance of sufficient cover 

depth above tailings sand or overburden substrate to enhance soil nutrient availability in 

reclaimed areas while speeding up nutrient cycles.  

Monitoring and understanding short term and long-term changes in N mineralization, N 

transport, N uptake and its effect on plant growth in different reclaimed covers are important to 

evaluate N limitation for early forest regeneration in reclaimed landscapes. Field and greenhouse 

experiments can be conducted to understand short term changes in N availability and its effect on 

productivity. However these experiments are expensive, destructive, time consuming and 

findings are often discontinuous and site-specific (Gower et al., 2001; Randerson et al., 2002; 

Huang et al., 2013) and so have low prediction capacity with different reclamation materials, site 

characteristics and weather. However, a rigorous modeling effort based on fundamental 

processes governing water, energy, salt and nutrient interactions throughout the soil-microbe-

root-canopy-atmosphere system can provide both short and long-term forecasts of land capability 

restoration to the reclamation community. If ecosystem models can accurately simulate N 

mineralization, N transport and uptake in reclaimed soils as affected by composition and depth of 

cover material, they could be used to predict the suitable cover material depth required to reduce 

nutrient limitation during reclamation with different cover material.  

Plant N uptake in reclaimed covers is determined by [NH4
+] and [NO3

-] in the soil solution 

maintained by decomposition and mineralization of soil organic matter, and by movement of N 

from soil solution to the root system through active uptake by roots. Root system characteristics 

including density, surface area, length and N uptake kinetics, as well as soil moisture content (θ) 
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and plant growth determine active nutrient uptake by the plant (Anghinoni and Barber, 1980; 

Grant and Robertson, 1997; Grant, 2013). Shallow covers have lower organic matter content and 

shallower root systems than do thicker covers (Section 2.3.2 in Chapter 2). This reduces 

decomposition and net N mineralization through the cover and thereby N availability and plant N 

uptake. Lower N uptake reduces leaf N content in plants causing declines in CO2 fixation and 

gross primary productivity (GPP).  

All of these processes are explicitly modelled in the comprehensive terrestrial ecosystem 

model ecosys (Grant (2001, 2014); Grant et al., 2012; Grant, 2013). The ability of ecosys to 

capture the effects of soil N status on N transformations, uptake and thereby plant productivity 

has been rigorously tested against soil and plant N stocks measured over a wide range of climate 

and site conditions: e.g. simulation of N dynamics, N uptake and its effect on GPP in agricultural 

(Grant et al., 1993; Grant, 1995, 1998), forest (Grant et al., 2010) and peatland (Mezbahuddin et 

al., 2017) ecosystems; effect of elevated atmospheric CO2 and soil warming on N mineralization 

and cycling and thereby on forest productivity (Grant, 2013, 2014) and warming effects on N 

cycling and shrub expansion in Arctic tundra (Mekonnen et al., 2018b).  

Even though several laboratory, greenhouse and field studies have addressed N availability 

in reclaimed sites in the Athabasca Oil Sands Region (McMillan et al., 2007; Hemstock et al., 

2010; MacKenzie and Quideau (2010, 2012); Duan and Chang, 2015; Duan et al., 2015), no 

study has been conducted to determine the effect of cover depth on N availability, plant N uptake 

and thereby plant growth in upland reclaimed sites. These previous studies were mainly focused 

on the N availability and mineralization of different reclamation materials; i.e., Forest floor – 

mineral mix (FFM) and PMM and effect of fertilizer applications. They found that PMM has 

slower mineralization and thereby lower available N than does FFM, and N fertilization can be 
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used to improve plant growth particularly of white spruce in reclaimed areas constructed over 

overburden materials.  

To date ecosys has not been used to study nutrient availability and uptake processes in 

novel ecosystems undergoing reclamation. Therefore, in the current study ecosys was used (1) to 

understand and quantify the relationship between total soil N (TN), soil N mineralization and 

tree N uptake as determined by cover depths, (2) to understand and quantify the relationship 

between tree N uptake and NPP, and (3) to understand the effect of NPP on N in litterfall and 

thereby N cycling. An opportunity to test modelled effects of soil cover depth on profile net N 

mineralization, N uptake and NPP was offered by a research project with three different 

reclamation covers on a large saline sodic overburden dump referred as South Bison Hills (SBH) 

at the Syncrude Canada Ltd. Mildred Lake mine site in northern Alberta (Canada). 

4.2. Methods 

4.2.1. General model description 

Ecosys is a comprehensive mathematical model that has the ability to represent multiple 

soil and canopy layers in soil-microbe-canopy–atmosphere systems at three-dimensional scales. 

The model simulates physical, chemical and biological processes in natural and disturbed 

terrestrial ecosystems through the acquisition, transformation and transfer of radiation, water, 

carbon, oxygen, nitrogen and phosphorous (Grant, 2001) using site-independent algorithms 

(Mezbahuddin et al., 2014), to achieve realistic landscape-scale predictions of productivity under 

a wide range of site conditions. The key parameters and algorithms used in ecosys were 

described in Grant (2001; 2014) and Grant et al. (2012) and remain unchanged from those used 

in earlier studies cited above. The major algorithms that govern the nutrient availability and 
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transformations, nutrient uptake and translocation, and their effects on NPP in ecosys are given 

below with reference to supporting equations given in appendices A to H in the Supplement. 

4.2.1.1. Decomposition and nutrient mineralization as affected by cover depth  

In ecosys, decomposition occurs concurrently in five organic matter-microbe complexes 

(coarse woody litter, leaf and fine non-woody litter, animal manure (if present), particulate 

organic matter (POM), and humus). The woody and non-woody plant litter and animal manure 

originate from outside the soil profile and POM and humus derive from products of litter 

decomposition (POM from lignin and associated products) and microbial decomposition 

(humus). Microbial growth from litter and manure decomposition primes that from POM and 

humus decomposition. Each complex comprises C, N and P in five organic states: solid organic; 

dissolved organic (DOC, DON and DOP); sorbed organic, microbial biomass and microbial 

residue (Grant, 2001, 2013). Microbial biomass is an active agent of transformation in ecosys, 

and the rate of decomposition of each component in each substrate is a first-order function of the 

decomposer biomass (Mh) of heterotrophic microbial functional types (MFT) including obligate 

aerobes (bacteria and fungi), facultative anaerobes (denitrifiers), obligate anaerobes (fermenters), 

heterotrophic (acetotrophic) and autotrophic (hydrogenotrophic) methanogens, and aerobic and 

anaerobic heterotrophic diazotrophs (non-symbiotic N2 fixers) [A1, A2] (Grant, 2001, 2013). 

The rate of decomposition also depends on the substrate concentration [A3, A5], soil temperature 

(Ts) (Arrhenius function) [A6] and θ [A4] (Grant et al., 2007a; Grant, 2014). The rate of 

decomposition determines the transfer of substrate C, N and P into DOC, DON and DOP (Grant, 

2014). The N and P concentrations in each complex are derived from those in the originating 

litterfall, and control the release of N and P through decomposition. Greater soil volume above 

the overburden will provide greater organic matter substrate and available soil water holding 
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capacity (AWHC) in thicker covers vs. shallower covers, causing greater decomposition and 

mineralization.  

The C, N and P availability in the soil is governed by the MFTs. All MFTs maintain as 

much as possible a set minimum ratio of C:N and C:P during decomposition through 

mineralization (equation (1a)) or immobilization of NH4
+ (equation (1b)), immobilization of 

NO3
- [A26c], and mineralization or immobilization of H2PO4

- [A26d,e], thereby controlling 

[NH4
+
], [NO3

-
] and [H2PO4

-
] in soil solution of different covers.  

    UNH4i,n,j,l = (Mi,n,j,l,C CNj - Mi,n,j,l,N)      UNH4
 < 0 (Mineralization) (1a) 

    UNH4i,n,j,l = min {(Mi,n,j,l,C CNj - Mi,n,j,l,N),   UNH4
 > 0 (Immobilization) 

         U’NH4 ai,n,j,l ([NH4
+

i,n,j,l] – [NH4
+

mn]) / ([NH4
+

i,n,j,l] – [NH4
+

mn] + KNH4)} (1b) 

where: subscripts i = substrate-microbe complex, n = MFT, j = kinetic component, l = soil or 

litter layer; UNH4 = NH4
+ uptake (+ve) or release (-ve) by microbes (g N m-2 h-1), Mi,n,j,l,C = 

microbial C (g C m-2), Mi,n,j,l,N = microbial N (g N m-2), CN,j = maximum ratio of Mi,n,j,N to Mi,n,j,C 

maintained by Mi,n,j,C (= 0.22 and 0.13 for j = labile and resistant components respectively), 

U’NH4 = maximum UNH4 at 25 oC and non-limiting NH4
+ (g N m-2 h-1) (= 5.0 x 10-3), a = 

microbial surface area (m2 m-2 ), [NH4
+

i,n,j,l] = concentration of NH4
+ at microbial surfaces (g N 

m-3), [NH4
+

mn] = concentration of NH4
+ at microbial surfaces below which UNH4 = 0 (g N m-3) (= 

0.0125), KNH4 = M-M constant for NH4
+uptake at microbial surfaces (g N m-3) (= 0.4) (Grant et 

al., 1993a,b; 2010). 

DOC, DON and DOP are also adsorbed or desorbed according to the soluble 

concentrations [A8 - A10]. The lower DOC, DON and DOP content from lower decomposition 
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and mineralization rates per unit area in shallow covers cause lower NH4
+
, NO3

-
 and H2PO4

-

contents in the soil solution.  

4.2.1.2. Nitrogen uptake as affected by cover depth 

Decomposition and microbial turnover rates in different reclamation covers control the 

[NH4
+
], [NO3

-
] and [H2PO4

-
] in the soil solution. The NH4

+
, NO3

-
 and H2PO4

-
 ion concentrations 

(g m-3) could be similar among different cover depths, but the content (g m-2) will vary with the 

volume of the soil in which these concentrations occur. These ion contents are also controlled by 

N and P uptake by roots and mycorrhizae from mass flow and diffusion coupled with active 

uptake (equation (2)) (Grant, 1998), and by microbes through mineralization/immobilization 

(equation (1b)).  

UXi,r,l = {Uwi,r,l[Xl] + 2Li,r,lDexl ([Xl] – [Xi,r,l]) / ln(di,r,l /rri,r,l)} 

  = U'X (UO2i,r,l /U O2i,r,l) Ai,r,l ([Xi,r,l] – [Xmn])/([Xi,r,l] – [Xmn] + KX) ftil fiXi,r,l (2) 

where: subscripts i= plant functional type (PFT), l = soil layer, r = root or mycorrhizae; UXi,r,l = 

nutrient uptake by roots or mycorrhizae (g m-2 h-1), Uwi,r,l = root water uptake (m3 m-2 h-1), [Xl] = 

nutrient concentration (g m-3) in soil, L = root length (m m-2), DeXl = effective dispersivity-

diffusivity of X during root uptake (m2 h-1), [Xi,r,l] = concentration of X at root or mycorrhizal 

surfaces (g m-3), di,r,l = half distance between adjacent roots assumed equal to uptake path length 

(m), U'X = maximum UX at 25 oC and non-limiting X (g m-2 h-1) (=5.0 x 10-3) [Barber and 

Silberbush, 1984], UO2i,r,l = O2 uptake by roots and mycorrhizae under ambient O2 (g O m-2 h-1), 

U’O2i,l.r = O2 uptake by roots and mycorrhizae under non limiting O2 (g O m-2 h-1), A =  root or 

mycorrhizal surface area (m2 m-2), [Xmn] = concentration of X at root or mycorrhizal surfaces 
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below which UX = 0 (g m-3) (= 0.0125), KX = M-M constant for X uptake at root or mycorrhizal 

surfaces (g m-3) (= 0.4), fti = temperature effect, fiXi,r,= product inhibition on root X uptake.  

The modelled root system governs UX through the effects of root length density on 

diffusion path lengths (di,r,l) and surface area (Ai,r,l) in equation (2). In ecosys, the root system is 

represented by vertical primary axes, and horizontal secondary axes emerged from primary axes 

in each rooted soil layer of each PFT (Grant, 1993). Root growth is modelled from the 

assimilation of non-structural C (C) which is the product of canopy CO2 fixation [C20b, C21b] 

transferred to roots along concentration gradients, coupled with assimilation of the non-structural 

N (N) and P (P) which are the products of root and mycorrhizal N and P uptake into primary 

and secondary axes (equation 2) according to root growth yields. Root length extension is driven 

by root mass growth [C21b,c].  

Root growth and hence assimilation is controlled by root water potential which determines 

root turgor, by soil resistance (Da Silva and Kay, 1997) which determines root penetration 

(Grant, 1998), and by root nutrient status represented by C:N:P ratios. The decline of root 

densities with increased soil depth is modelled from declining sink strength for non-structural C 

transfers with increasing distance from canopy sources. Root growth is also controlled by O2 

uptake driven by aqueous concentration of O2 in the soil [C14] and by nutrient uptake which 

raises N or P. Soil O2 concentration is maintained by vertical transport that largely depends on 

air-filled porosity [D17a,b,c] and so declines with increasing soil depth and soil bulk density 

(Grant, 1998). Therefore root growth is restricted in soil by larger bulk density, soil and root 

hydraulic resistances (s and r respectively), by smaller O2 concentration and lower [NH4
+] 

and [NO3
-] and thereby less Ux and N. Total root growth increases with cover depth. Thus 
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greater plant N uptake in thicker vs. shallow covers is facilitated by the deeper root system with 

greater root length and surface area.  

4.2.1.3. Gross primary productivity as affected by N uptake 

In ecosys, amounts of C, N and P in each organ are governed by translocation along 

branch-root-mycorrhizal concentration gradients [C50 - C53] created by C which is the product 

of branch CO2 fixation [C1, C12], and of N and P from root and mycorrhizal uptake vs. 

consumption of C, N and P from growth respiration and organ growth [C20] (Grant, 1998). 

Nutrient concentrations and turgor potentials control the production and consumption of C, N 

and P in different plant organs and so control concentration gradients and hence translocation in 

different organs. Lower amounts of soil N and P and shallower root systems in shallow covers 

will reduce root N and P uptake and thereby reduce root N and P stocks. The lower root N and 

P reduce the root–branch concentration gradient and hence reduce the translocation of these 

stocks to the shoots [C50, C51]. This lower amount of N and P in shoots reduces foliar N:C 

and P:C ratios [C11] which have two effects on GPP: 

(1)  They reduce activities of rubisco [C6a] and chlorophyll [C7a] through product inhibition 

[C11], thereby simulating the suppression of CO2 fixation by leaf C accumulation.  

(2)  They reduce the structural N:C and P:C ratios at which leaves are formed because C, N 

and P are the substrates for leaf growth. Lower structural ratios cause a proportional 

reduction in areal concentrations of rubisco [C6b] and chlorophyll [C7b], reducing leaf 

CO2 fixation. 

Lower GPP and thereby net primary productivity (NPP = GPP – autotrophic respiration 

(Ra)) are thus obtained with lower N uptake with shallower covers. In ecosys, growth of 
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internodes, petioles and leaves is driven by Ra which is driven by C from canopy carboxylation 

rates according to organ growth yield as well as by N and P from root uptake. Leaf area 

expansion of different PFTs, controlled by leaf mass growth, leaf area:mass ratio and canopy 

turgor potential (t) [C21a], will also decline with shallower covers.  

In contrast, greater N uptake in thicker covers increases the foliar N concentration and 

thereby foliar production and leaf area. This increases the areal concentration of rubisco and 

chlorophyll driving CO2 fixation. Greater C production through CO2 fixation drives increases in 

root growth, N uptake and thereby NPP and leaf area in thicker covers.  

4.2.1.4. Autotrophic respiration and litterfall 

In ecosys, Ra in each tree branch and root axis is derived from two components: 

(1) First-order respiration of C [Rc in C14] which is first used for maintenance respiration 

(Rm). The excess (Rc-Rm) is used for growth respiration (Rg) which drives organ growth 

[C20] according to organ water [C17] and nutrient status. 

(2) Respiration of remobilizable C (Rs) in leaves and supporting structures to meet Rm 

when it exceeds Rc [C15]. 

Environmental constraints such as water, heat and nutrient stress lower C and hence Rc 

[C14] with respect to Rm [C16] and so increase Rs [C15], hastening litterfall of associated non-

remobilizable C [C18]. Rs also drives the withdrawal of remobilizable N and P from leaves and 

supporting structures into N and P pool and litterfall of associated non-remobilizable N and P. 

Thus in ecosys, Rs determines the loss of non-remobilizable C, N and P (mostly structural) as 

litterfall from leaves and twigs or roots and mycorrhizae [C18a,b,c], and the internal recycling of 
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remobilizable C, N and P (mostly nonstructural protein) into nonstructural pools C, N and P, 

depending on ratios of N:C or P:C [C19a,b,c] (Grant et al., 2007c; Grant, 2013).  

Smaller plant biomass in shallow vs. thicker covers reduce the quantity and quality [C19b] 

of litterfall and forest floor development due to lower foliar production and lower N:C or P:C 

ratios particularly for aspen. Thus, shallow covers will experience slower decomposition due to 

decreased leaf and fine non-woody litter and so reduce long term N cycling. 

4.2.2. Site description 

4.2.2.1. Reclaimed site 

The effect of reclamation cover depth on N mineralization and N uptake was evaluated at 

the SBH watershed located in lease no. 17 within the Syncrude Canada Ltd. Mildred Lake 

operation, Alberta, Canada. The mean annual temperature and precipitation (1981 - 2010) of the 

SBH area are 1.0 °C and 418.6 mm respectively (Environment Canada, 2014) and the climate is 

classified as sub-humid continental (Koppen Classification) with short summers and long cold 

winters (Kelln et al., 2007). The SBH watershed was constructed in 1996 using 100 x 106 m3 of 

saline - sodic overburden with overlying soil covers and extends over a 2 km2 area with a plateau 

(Huang et al., 2015b). The slope of the overburden dump was designed with a 1:5 (20%) incline 

(Boese, 2003). Three adjacent covers with soil depths of 35 cm, 50 cm and 100 cm constructed 

along the north facing slope of SBH were used as the experimental sites for the study. Each 

cover was approximately 200 m in length and 50 m in width (approximately 1 ha) and consisted 

of peat mineral mix (PMM) and subsoil materials (glacial till deposits) which overlaid saline 

sodic overburden as in Figure 2.1 (a). In the spring of 1999, barley was seeded with a density of 

25 kg ha-1 in each plot to reduce erosion and to stabilize the slope. Fertilizer was applied prior to 

tree planting at the rate of 35 kg N ha-1, 46 kg P ha-1, 44 kg K ha-1 and 14 kg S ha-1 (Lanoue, 
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2003; Garrah et al., 2013). In fall 1999, white spruce (Picea glauca (Moench) Voss) and 

trembling aspen (Populus tremuloides Michx.) seedlings were planted in alternate rows 

(Hilderman, 2011) in each cover with a total density of 1,600 stems ha-1 (50:50 mix of aspen and 

white spruce) to achieve a mixed-wood boreal forest. Further details of site description and 

reclamation methods can be found in Sections 2.2.2.1 and 2.2.2.2. 

The target ecosystem of the SBH reclaimed site is the “d” ecosite upland forest 

(Elshorbagy and Barbour, 2007) characterized by lower moisture or nutrient limitation on plant 

growth (medium nutrient regime), which includes organic carbon 35 - 70 Mg ha-1, total nitrogen 

1.5 - 5 Mg ha-1 (natural sites) or 3 - 5 Mg ha-1 (reclaimed sites) and C:N ratio 15-30 (CEMA, 

2006; Alberta Environment, 2010).  

4.2.2.2. Natural forest site 

Plant and soil N stocks from reclamation covers were compared with those in a natural 

landscape approximately 14 km north (57°7'11.69"N, 111°36'23.90"W) from SBH near the 

Beaver river on the western side of the Athabasca river. The site was selected using fire, 

vegetation and ecosite maps and is 4 years younger than the SBH. This site is a typical “d” 

ecosite, containing silty loam to sandy loam soil with an aspen dominant stand (nearly 99%), 

recovering from fire that had occurred during 2003 (Das Gupta, 2015).  

4.2.3. Field data collection for reclaimed site 

4.2.3.1. Weather 

Solar radiation, maximum and minimum air temperatures, precipitation (P), wind speed, 

and relative humidity were recorded daily from January 1, 1999 to December 31, 2015. All the 

other measurements were taken from the SBH weather station on the middle slope of the 35 cm 
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cover, except for winter P and solar radiation. There was uncertainty in the accuracy of the P 

data in some data collection years, hence the winter P (from 1st October to 31st March every 

year) and solar radiation until 2006 (from 1st January to 31st December every year) were taken 

from the Fort McMurray airport weather station (approximately 40 km south from the study 

sites) and winter P and solar radiation from 2007 were taken from the Mildred Lake airport 

weather station (built in 2007), located approximately 6 km northeast of the site. These daily data 

were read into ecosys where they were resolved into hourly values to match the hourly time step 

at which the model functions. 

4.2.3.2. Hydrology 

The SBH is an instrumented watershed, and the details of the installation of all the 

instruments were described in Boese (2003). Both the θ and soil matric potential (m) were 

measured using time domain reflectometry (TDR) probes and CS 229 sensors respectively at the 

middle slope position of each cover along the cover profile up to an upper section of the 

overburden from 1999 to 2015. These θ and m data were downloaded from the proprietary 

Syncrude watershed database and were used to derive soil water content at permanent wilting 

point (θPWP) and field capacity (θFC) from which soil water contents were modelled that determined 

the effects of soil moisture on decomposition and nutrient uptake. Further details of hydrology 

measurements in reclaimed sites can be found in Sections 2.2.3.2. 

4.2.3.3. Aboveground biomass 

Aboveground carbon biomasses were estimated by Macyk et al. (2009) and Drozdowksi et 

al. (2011, 2014) for planted aspen and white spruce trees in 35 cm, 50 cm and 100 cm covers. 

The height and stem diameters at root collar and 1.3 m height of planted trees were collected 
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annually (2007 - 2013) in 10 m x 10 m permanent sampling plots which were established in 

upper, middle and lower slope positions of all the reclamation covers in 2007 (Macyk et al., 

2009; Drozdowksi et al., 2011, 2014). The aboveground carbon biomass values for each species 

were estimated using allometric equations relating to measured breast height and basal tree 

diameters in the sampling plots and species specific density and expansion factors for branch and 

leaf/needles developed for Alberta species (Alberta Environment, 2007). These data were used to 

validate modelled aboveground carbon biomass and thereby to understand the effect of cover 

depth on NPP. 

4.2.3.4. Leaf Area Index (LAI) 

Total site LAIs were measured in August 2015 at upper and lower positions in the 35 cm 

and 100 cm covers using a LAI-2200C plant canopy analyzer (LI-COR Inc., Lincoln, Nebraska, 

USA). These LAIs were used to test the modelled LAIs in each cover and thereby to determine 

the effect of cover depth on N uptake, foliar production and thereby NPP. 

4.2.3.5. Soil nutrient measurements 

The reclamation covers were sampled in July 2013, when pits were dug up to 30 cm in 

top, middle and bottom slope positions of each reclamation cover. Soil cores were used to take 

soil samples at 7.5 cm intervals in 35 cm cover and 10 cm intervals in 50 cm and 100 cm covers 

for each pit, and subsamples were taken to increase the accuracy of measured values. The 

collected samples were shipped and stored in a freezer at -4 0C, then thawed and analysed to 

determine total C, TN, NO3
- and NH4

+. The mineral N (NH4
+and NO3

-) was extracted using 2M 

KCL extracts of moist soil and was analyzed colorimetrically on a SmartChem Discrete Wet 

Chemistry Analyser (Westco Scientific Instruments, USA). Subsoil samples dried to a consistent 

weight and ground using Ball Mill MM200 (Brinkmann Retsch) were used to determine total C 
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and N using dry combustion analysis (Nelson and Sommers, 1996) on an elemental analyzer 

(Costech Model 4010, Florence, Italy). The average values were used to determine the effect of 

cover depth on soil nutrient contents.  

4.2.3.6. Foliar nutrient measurements 

In July 2012, 2013 and 2015, spruce, aspen and understory plant samples were collected to 

determine foliar chemistry. For aspen and spruce, three healthy trees at upper, mid and bottom 

slope positions in each reclamation cover were selected and healthy new leaves were sampled for 

each sampling site with three sub samples. For the understory, a quadrant was used to collect 

samples for each sampling site with three replicates. In 2015, surface litter depths developed on 

PMM were measured and surface litter samples were collected at each slope position in each 

cover with three replicates. All of these samples were placed in paper bags, and shipped to the 

laboratory. Then they were dried to a consistent weight at 650C and grounded using Ball Mill 

MM200 (Brinkmann Retsch). Foliar and litterfall total carbon and nitrogen were measured using 

dry combustion method on an elemental analyzer (Costech Model 4010, Florence, Italy). These 

values were used to validate the modelled foliar and surface litter N concentrations and thereby 

to understand the effect of cover depth on N deficiency in soil and tree PFTs. 

4.2.4. Field data collection in natural forest site  

4.2.4.1. Soil nutrient measurements 

In August 2012, samples were collected randomly from forest floor and mineral soil 

around the site using a bulk density core. These collected samples were shipped to the laboratory 

and stored at 4 0C until laboratory analysis. A full description of sampling locations and 

methodology can be found in Das Gupta (2015). In August 2014, six sampling points were 
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selected randomly around the same site and soil pits were made up to 1 m. Soil samples were 

taken using soil cores at every 10 cm interval along the wall of the soil pits. Collected samples 

were shipped and stored at 4 0C until laboratory analysis. Soil nutrients (total C, TN, NO3
- and 

NH4
+) in the samples collected in both years were analysed using the same procedure as 

described in Section 4.2.2.2.5. 

4.2.4.2. Foliar nutrient measurement 

In August 2012 and 2014, aspen leaves were collected at each sampling point with three 

replicates for foliar nutrient analysis. These samples were collected and analysed using the same 

protocols as those at the SBH site as described in Section 4.2.2.2.6.  

4.2.5. Model experiment: South Bison Hill reclamation site as represented in ecosys model 

runs 

4.2.5.1. Landscape: 

The information for site management and soil properties collected during 1999 and 2000, 

were used to construct the input files used to initialize ecosys for SBH. These inputs represent 

the actual field characteristics including site, weather, and plant and soil management data used 

by ecosys to simulate site conditions during the experiment. Each reclamation cover was 

represented in the model as a transect of six interconnected grid cells each of which had a 

dimension of 50 m x 40 m. Five grid cells represented the slopes as shown in Figure 2.1 (b) and 

one grid cell represented the level area above the slope corresponding to the landscape at SBH. 

All the input data (site, weather, soil properties, soil and plant management) were the same 

among reclamation covers except cover depths as described in Section 2.2.2.1.  
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4.2.5.2. Soil properties 

Soil physical and chemical properties were taken from the studies done by Macyk (1999), 

Meiers (2002) and Yarmuch (2003) and soil biological properties were taken from the study 

done by Lanoue (2003) in the SBH site. The θFC and θPWP respectively for PMM, subsoil and 

overburden (Table 2.2) were derived from water desorption curves developed using measured θ 

vs. m data. Although measured TDR values (described in Section 4.2.2.2.2) had indicated 

slightly different θFC and θPWP for PMM, subsoil and overburden among the three covers, average 

values were used for each material in each reclamation treatment so that modelled differences in 

soil and plant water status and in plant growth could be attributed to those in capping depth. 

Saturated hydraulic conductivity values (Table 2.2) reported by Meiers et al. (2011) were used as 

inputs from which the model calculated unsaturated values (Grant et al., 2004). The key soil 

nutrients used to simulate nutrient status in PMM, subsoil and overburden are given in Table 4.1. 

Further details of soil properties used in modelling can be found in Section 2.2.4.2. 

4.2.5.3. Land management 

At the beginning of simulation runs (1999) the modelled landscapes were initialized with 

the soil properties described in Section 4.2.3.1 and seeded with barley in spring 1999 as 

described in Section 4.2.2.1. Aspen and white spruce PFTs and grass and clover PFTs were 

seeded in each grid cell in summer 1999 at the densities described under the reclamation method 

in Section 2.2.2.2. In 2007, ingress plants were seeded as described in Section 2.2.2.2. The model 

was run for 17 years (1999 - 2015) using the daily weather data described in Section 2.2.3.1.  
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4.2.5.4. Nitrogen inputs used in model runs 

Nitrogen fertilizer application was modelled prior to tree planting in the fall of 1999 as 

described in Section 4.2.2.1.1. Ammonium and nitrate concentrations in precipitation were set to 

0.8 mg N L-1 and 0.3 mg N L-1 respectively to give wet N deposition rates, and atmospheric 

ammonium concentration was set to 2.03 nmol mol-1 to give dry N deposition rates reported in 

Alberta Environment and Parks (2014). The clover PFT simulated symbiotic N2 fixation [F12] 

and heterotrophic diazotroph MFTs simulated non-symbiotic N2 fixation [A27] during the model 

runs. 

4.2.5.5. Model validation 

Model results for water uptake and aboveground carbon biomass were validated with 

field measured values at different slope positions for the three cover depths as described in 

Section 2.3. Two-way ANOVA was used to determine if significant differences existed among 

measured soil and foliar N at different slope positions in reclamation covers and the natural site. 

Also modelled foliar and surface litter N concentrations in each reclamation cover were 

compared with field measured values to validate modelled foliar N status over the reclamation 

period. Statistical analyses were performed using version 9.2 of SAS (SAS Institute Inc., Cary, 

NC). Modelled annual profile net N mineralization in each cover was taken from annual sums of 

hourly modelled net N mineralization (UNH4i,n,j,l in Eqn. 1(a)) by all kinetic components j of all 

MFTs n in all substrate-microbe complexes i, in all soil layers l within the soil profiles. 

A non-linear regression model with an asymptotic form was used to quantify the 

relationship between estimated TN and modelled annual net N mineralization. Linear regression 

models were used to quantify the relationship between modelled annual net N mineralization and 

annual tree N uptake, and between modelled annual tree N uptake and modelled NPP of aspen, 
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white spruce and total tree NPP averaged over transects in different reclamation cover depths. 

Nitrogen use efficiency was estimated from annual modelled N uptake and modelled NPP of 

aspen and white spruce (NUE =NPP/Nuptake), where NPP and Nuptake were in g C m-2 y-1 and g N 

m-2 y-1 respectively.  

4.3. Results  

4.3.1. Soil C and N contents in different reclamation covers and in natural site 

At the beginning of reclamation (1999), model runs were initialized with measured SOC 

and TN (Table 4.2) so that both SOC and TN content within the soil profile increased directly 

with increasing depth of PMM and subsoil materials. Modelled SOC and TN in all the covers 

increased slightly during the next 13 years (1999 - 2012). In the model, C gains were modelled 

from NPP – (heterotrophic respiration + losses from runoff and subsurface discharge) and N 

gains were modelled from sum of all N inputs from deposition and fixation less any N losses 

from runoff, subsurface discharge and gaseous emissions. The measured and modelled soil C:N 

ratios (ca. 27:1) in the reclamation covers (data not shown) were similar (p > 0.05) after 13 years 

from reclamation. The TOC concentration in PMM in each reclamation cover (Table 4.1) was 

significantly lower (p < 0.05) than in the LFH in the regenerating natural site (240 ± 80 g C kg-1) 

as PMM has less soil organic C than peat and LFH due to its mineral component. However, the 

TOC content within the soil profile in all the reclamation covers (Table 4.2) was greater than the 

measured TOC content in natural site (178±19 Mg C ha-1) root zone (100 cm) due to greater 

thickness (15 or 20 cm) and bulk density (0.9 Mg m-3) of the PMM layers at SBH than of the 

thickness (ca. 7.5 cm) and bulk density (0.2 Mg m-3) of LFH layer in the natural site. Also the 

TN in each reclamation cover (Table 4.2) was greater than the measured TN within the natural 

site root zone (5.6 ±1 Mg N ha-1). The mineral N (NH4
+ + NO3

-) concentration in reclaimed 
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covers (<10 μg g-1) was lower than in the natural LFH (30 μg g-1) and did not show a significant 

difference (p = 0.1) among the covers (data not shown).   

4.3.2. Modelled profile net N mineralization rates and N uptake in different reclamation 

covers 

Different SOC and TN contents in reclamation covers determined the net N mineralization 

rates and nutrient availability in the soil profile. Modelled annual profile net N mineralization 

averaged over slope positions in each cover increased until over-story crown closure in 2010 and 

declined gradually thereafter (Figure 4.1). In 2003, lower growing season precipitation 

particularly from May to August (ca. 65 mm) reduced the net N mineralization in all the covers.  

The greater modelled profile net N mineralization in the 100 cm cover vs. the 35 cm and 50 

cm covers (Figure 4.1) enabled greater annual N uptake (Table 4.3 and Figure 4.2). In ecosys, 

greater N uptake in the 100 cm cover vs. the other two covers was driven by greater mineral N 

content from more rapid mineralization (Figure 4.1), greater and a deeper root system (Figure 

2.5) (Eqn. 2). Tree N uptake during early succession of the SBH site (1999 - 2006) was 

suppressed by the pioneer grass and clover PFTs (Figure 4.2(b)). However, tree N uptake 

gradually increased relative to that by pioneer PFTs in each cover along the slope positions 

during exponential tree growth (2006 - 2010) and then declined gradually thereafter (Figure 4.2). 

Clear reductions of tree N uptake in 35 cm and 50 cm covers vs. 100 cm cover were modelled 

after 2003 (Figure 4.2(e)) due to lower net N mineralization (Figure 4.1), with lower Figure 

2.3) from lower AWHC. Greater N uptake was modelled in the upper vs. lower slope positions 

during wet years and less during dry and intermediate years particularly in 35 cm and 50 cm 

covers (data not shown). 
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A greater proportion of modelled total tree N uptake in each cover (Figure 4.2(e)) was 

from the modelled aspen (Figure 4.2(d)) vs. white spruce (Figure 4.2(c)). However, greater 

aspen:spruce N uptake ratio was modelled in 100 cm cover followed by 50 cm and 35 cm covers 

due to greater aspen:spruce growth ratios with deeper covers as described in Section 2.3.5 and 

Figure 2.12 in Chapter 2.  

4.3.3. Effect of total nitrogen on net N mineralization and N uptake  

The net N mineralization rate increased with increasing TN as determined by cover depth 

during dry (2011) and intermediate years (2014 and 2015), after the sites reached the over-story 

crown closure (Figure 4.3(a)). However, increases in net N mineralization rates were not 

proportional to those in TN in Table 4.2 (i.e. net N mineralization declined relative to TN in g N 

g N-1 y-1). The differences of net N mineralization rate between covers were smaller during wet 

years (2012 and 2013) due to sufficient water supply for microbial growth (Figure 4.3(a)) 

particularly in 35 cm and 50 cm covers.  

The non-linear regression model indicated that annual modelled N uptake increased at a 

decreasing rate with TN in reclamation covers during dry (R2 = 1), intermediate (R2 = 0.5) and 

wet (R2 = 0.9) years, and that 90%, 98%, and 85% of maximum N uptake for the site during dry 

(2011), intermediate (2014 and 2015) and wet (2012 and 2013) years respectively, were achieved 

with 17 Mg N ha-1 of TN (Figure 4.3(b)). Also, the relationship indicated by slope in Figure 

4.3(b) was strong during dry and intermediate years but was weak during wet years. Asymptotes 

gradually declined (Figure 4.3(b)) with the downwards trend in net N mineralization modelled 

after 2010.  

A strong positive linear relationship (slope = 0.9 ±0.1, R2 = 0.8) was derived between 

modelled net N mineralization and modelled tree N uptake (Figure 4.3(c)). The reduced uptake 
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with water stress in dry year (2011) left more mineral N for uptake in wet years (2012 and 2013), 

as indicated by the greater N uptake (Figure 4.3(b)) vs. net N mineralization (Figure 4.3(a)) 

modelled during 2012 and 2013. Minimal N losses as emissions to the atmosphere and through 

water discharge to downslope areas (data not shown) modelled in each cover after planted trees 

reached crown closure indicated that almost all the N mineralized through decomposition was 

taken up by the trees. 

4.3.4. Effect of N uptake on NPP in different reclamation covers 

Greater N uptake enhanced plant growth through increased plant N pool as described in 

Section 4.2.1.3. The lower NPP averaged along the slope positions in the 35 cm and 50 cm 

covers vs. the 100 cm cover during dry and intermediate years (Table 4.3) was caused by greater 

water limitation (Section 2.4.2.1 in Chapter 2) and salinity (Section 3.3.3 in Chapter 3). 

However, the effects of water limitation and salinity on NPP in three covers were minimal during 

the wet years (Table 4.3). The modelled aspen, white spruce and total NPP showed a positive 

linear relationship with N uptake (Figure 4.4) and hence NPP in reclamation covers increased 

with increasing cover depth due to greater tree N uptake. Thus reduced NPP during wet years 

(Table 4.3) was linked to decreased N uptake from 35 cm and 50 cm covers vs. 100 cm cover. 

The NUE of white spruce (91 g C g N-1) was greater than that of the aspen (87 g C g N-1) as 

indicated by the slopes in Figures 4.4(a,b). However, greater N uptake of aspen vs. white spruce 

increased the aspen NPP in all the reclamation covers (Figure 4.4(b)). The greater NPP modelled 

in the 100 cm cover (Table 4.3) from increased N uptake raised foliar production (Section 

4.2.1.3) from that in the other two covers as indicated by the greater modelled and measured LAI 

(Table 4.3).  
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4.3.5. Modelled vs. measured N concentrations in foliage and litterfall  

Both modelled and measured aspen and white spruce foliar N concentrations at different 

slope positions (data not shown) in three reclamation covers (Figure 4.5) followed a similar 

pattern and did not show significant difference among slope positions or covers over the study 

period (p = 0.4). The measured aspen foliar N concentration in natural site was similar (p = 0.5) 

to the values modelled and measured in reclaimed covers (Figure 4.5 (a)). Measured foliar N 

concentration in ground cover PFTs (clover and grass) were also similar (p = 0.1) among 

different reclamation covers (data not shown).  

Greater foliar production contributed to a greater litterfall (Table 4.4) and thereby greater 

surface litter stock in 100 cm cover vs. 35 cm and 50 cm covers (Figure 4.6). Both the modelled 

(ca. 21 mg N g C-1) and measured (ca. 23 mg N g C-1) N concentrations of surface litter that 

developed on PMM were similar (p > 0.05) among three reclamation covers (Figure 4.6(a)). 

However, the modelled surface litter N concentrations were similar to white spruce foliage, but 

were lower than that of the aspen foliage (Figures 4.5 and 4.6), indicating N remobilization 

during senescence (Section 4.2.1.4.). In 2015, significantly greater (p < 0.05) surface litter depth 

was measured in the 100 cm (2.28 cm) cover compared to the 35 cm (1.5 cm) and 50 cm (1.7 

cm) covers (Figure 4.6(b)). The surface litter depth that derived from modelled surface litter 

carbon accumulation along the slope positions in each cover was similar to that of the measured 

values and increased (p < 0.05) with the increasing cover depth (Figure 4.6(b)). These greater 

modelled and measured surface litter depths were driven by greater surface litterfall C (Table 

4.4) in the 100 cm cover vs. 35 cm and 50 cm covers after sites reached the over-story crown 

closure. In addition, a greater surface litter depth on PMM was measured in the lower slope 

position in each cover compared to upper slope position (p < 0.05) due to greater plant growth 
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(data not shown). However, modelled surface litter depth did not show significant differences 

among the slope positions (p > 0.05). The greater modelled aspen: white spruce litter N ratio in 

the 100 cm cover (10:1) vs. 50 cm (5:1) and 35 cm (4:1) covers increased the annual N return to 

the soil. This increased ratio was caused by the greater aspen LAI modelled in 100 cm cover 

(Table 4.3) vs. other two covers. Also, greater aspen leaf turn over (1 y-1) vs. white spruce (ca. 

0.25 y-1) increased the aspen litterfall in each cover compared to white spruce. This litterfall 

provides N for subsequent mineralization in reclamation covers as described in Section 4.3.2. 

4.4. Discussion 

4.4.1. Changes in profile net N mineralization with time after reclamation  

The initial modelled and estimated (from field measurements) total SOC and TN contents 

in all the reclamation covers, and the modelled SOC and TN after 13 years of reclamation (Table 

4.2) were much greater than in the regenerating natural site. They were also greater than the 

target amounts to achieve medium nutrient regime in a ‘d’ ecosite which includes organic carbon 

35 - 70 Mg ha-1 and TN 3.0 - 5.0 Mg ha-1 (CEMA, 2006; Alberta Environment, 2010), although 

the reclamation soil profile C:N ratio was at the upper limit of the recommended ratio (15 - 30) 

in CEMA (2006).  

Modelled net N mineralization rates driven by SOC and TN in reclamation covers changed 

markedly with time since reclamation (Figure 4.1). Lower N mineralization rates modelled 

during the early reclamation period (Figure 4.1) were attributed to the lower microbial biomass 

N (data not shown) and lower labile N content in PMM as described by Hemstock et al. (2010) 

and Kwak et al. (2015). However, C and N cycling rose gradually with continuing C fixation by 

grass and clover and with continuing N2 fixation during early reclamation period until 2006. The 

increase in modelled net N mineralization during 2008 - 2010 was mainly driven by the 
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decomposition of clover and grass plants from gradual dieback caused by tree crown closure 

during exponential tree growth after 2006 as indicated by increased tree N uptake and decreased 

understory N uptake (Figure 4.2). The large N content from symbiotic N2 fixation in clover 

primed N mineralization in all the covers during this period. Also greater soil water content with 

increased precipitation (Figure 4.1(a)) further facilitated N mineralization during this period. The 

greater net N mineralization modelled during 2008 - 2010 in Figure 4.1 is specific to the use of a 

leguminous pioneer PFT such as clover in the current study and might change with different 

pioneer PFTs. However, priming N mineralization by clover indicated that legumes could be 

used to enhance soil N availability in reclaimed landforms (Macdonald et al., 2015). The greater 

tree litterfall after 2010 (Table 4.4) caused increased C:N ratios in litterfall that may have 

contributed to decline of net N mineralization by increasing immobilization (Devito et al., 1999; 

Grant, 2013) relative to mineralization (Eqn. 1(a,b)).  

The modelled net N mineralization rates during growing seasons (May-September) in the 

three covers after the sites reached over-story canopy closure in 2010 (ca. 80% of annual profile 

net N mineralization in Figures 4.1 and 4.3(a)) were within the upper limit of the ranges 

measured by McMillan et al. (2007) from buried bag incubation in the surface 7 cm of the PMM 

during the growing season (May-September) in reclaimed and natural areas (0.3 - 3 g N m-2 ), 

and measured by Carmosini et al. (2003) from buried bag incubation in the upper 20 cm of the 

soil profile for mature (2.1 ±1 g N m-2) and logged (1.3 ±5 g N m-2) aspen dominant forest soil in 

Boreal Plain, Western Canada. Also the N mineralization rate modelled during May-September 

(ca. 2.8 g N m-2) in 100 cm cover was similar to the value (ca. 2.72 g N m-2) measured by 

Hemstock (2008) from resin-core incubation in the same site. Thus the modelled values were 
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consistent with the field measurements. However, the greater SOC and TN in reclamation covers 

did not cause the net N mineralization rates to be greater than those of natural forest sites. 

4.4.2. Greater profile net N mineralization with greater soil cover depth 

The greater modelled net N mineralization in 100 cm vs. 35 cm and 50 cm covers 

particularly in dry and intermediate years (Figures 4.1 and 4.3(a)) was enabled by the greater 

substrate (SOC and TN) for decomposition (Table 4.2) as described in the Section 4.2.1.1 and by 

greater  [A4] and thereby greater microbial activities (Eqn1). A positive correlation between 

net N mineralization rate and θ as determined by precipitation is apparent in several studies in 

boreal forest (Stottlemyer and Toczydlowski, 1999; Carmosini et al., 2003) and in reclaimed 

sites similar to SBH (McMillan et al., 2007; Hemstock et al., 2010), and hence greater N 

mineralization was modelled in 35 cm and 50 cm covers during wet years (Figure 4.3(a)). The 

relationship between TN as determined by cover depth and net N mineralization in Figure 4.3(a) 

is specific to the PMM and mineral subsoil materials used in this study, and would change with 

different capping material e.g. LFH. 

However, modelled net N mineralization rate rose non-linearly with TN (Fig. 4.3(a)) so 

that specific net N mineralization (net N mineralization/ total nitrogen) declined from 0.003 g N 

mineralized g-1 TN y-1 in the 35 cm cover to 0.0025 g N mineralized g-1 TN y-1 in the 50 cm 

cover and 0.002 g N mineralized g-1 TN y-1 in the 100 cm cover. The modelled rate in the 35 cm 

cover was similar to one of 0.003 g N mineralized g-1 TN measured by McMillan et al. (2007) 

from buried bag incubation in the surface 7 cm of the PMM in oil sands reclaimed areas during 

growing season, and was within the lower limit of the range of 0.003 – 0.048 g N mineralized g-1 

TN y-1 measured by Hemstock et al. (2010) from resin-core incubation in the upper 7 cm of the 

PMM amendments in oil sands reclaimed areas in Athabasca Oil Sands Region, Fort McMurray, 
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which had similar PMM composition to SBH. However, the modelled specific net N 

mineralization rates in all the covers were lower than that of 0.007 g N mineralized g-1 TN y-1 

measured by Devito et al. (1999) from buried bag incubation in the upper 10 cm of the soil 

profile in natural peatland and of 0.03 g N mineralized g-1 TN y-1 measured in the upper 20 cm of 

the soil profile in mature conifer-mixed forests in Canadian shield catchments which had similar 

C:N ratio to SBH site. The use of TN within the entire soil profile to estimate the modelled 

specific net N mineralization rather than within the surface 7 - 10 cm soil to estimate measured 

rates contributed to lower modelled rates in the current study. Also lower N mineralization rates 

in the mineral soil layers than in the PMM layers (Persson and Wiren, 1995; Devito et al., 1999) 

caused lower modelled rates in the current study. 

The decline of specific net N mineralization rate from 35 cm and 50 cm to 100 cm cover 

indicated limited N mineralization in lower layers of deeper covers. Exponential decline of net N 

mineralization below 10 cm in mineral soil under natural forest was attributed by Boone (1992), 

Persson and Wiren (1995) and Devito et al. (1999) to decreasing C and N concentrations deeper 

in the soil profile. However, in reclaimed sites subsoil has the same C and N concentrations with 

depth in the soil profile so that net N mineralization would not decline with depth. Thus decline 

in specific N mineralization modelled in lower subsoil layers in deeper covers could be explained 

by:  

(1) Declining soil temperature with depth in the soil profile as modelled (data not shown) and 

measured (O’Kane Consultants Inc., 2013, 2014) in thicker covers which slowed N 

mineralization modelled in lower soil layers [A13]. These declines were greater with 

increasing tree LAI after over-story canopy closure (Table 4.3) that reduced the net 

radiation at the ground surface particularly in the 100 cm cover. 
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(2) Declines in soil temperature with depth were caused by slower warming in spring as 

modelled [D12, D13] (data not shown) and measured (O’Kane Consultants Inc., 2013, 

2014) in the SBH site, so that deeper soil mineralizes more slowly than does shallower 

soil even with the same composition.  

(3) Modelled aqueous O2 concentration in lower soil layers in the 100 cm cover declined to 

values that limited N mineralization (< 5 g O2 m
-3) [H3, H5] during wet years [D15, D17] 

particularly in lower slope positions. 

(4) The contribution of net N mineralization from decomposition of recent litterfall from 

NPP particularly after exponential plant growth did not increase proportionately with TN.  

Thus lower soil temperature [A6] and O2 availability [A14, A16] limited the microbial 

activities and hence N mineralization in lower soil layers (Struecker and Joergensen, 2015; Jones 

et al., 2018) resulting lower specific net N mineralization in deeper covers.  

4.4.3. Greater N uptake with greater N mineralization in thick covers 

Greater modelled mineralization in the 100 cm cover vs. the 35 cm and 50 cm covers drove 

more rapid tree N uptake (Figures 4.2 and 4.3(c)) by raising NH4
+ and NO3

- production (Eqn. 2). 

Greater N uptake in all the covers during 2009 - 2013 was facilitated by the decomposition and 

mineralization of clover plant residues as indicated by increased mineralization (Figure 4.1(b); 

2008 - 2010). However, after the mineralized N from clover decomposition was over, tree N 

uptake returned to a lower steady rate. Also greater mineralization during precipitation (Figures 

4.1 and 4.3(a)) facilitated N uptake. The relationship between net N mineralization and N uptake 

(Figure 4.3(c)) was similar to that derived by Todd et al. (2000) in 7 - 27 years old reclaimed 

Bauxite mine sites in Jarrahdale, Australia which had a similar C:N ratio (22-39), N 

mineralization rates (3.4 - 10 g N m-2 y-1) and N uptake rates (3 – 9 g N m-2 y-1) in the upper 10 
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cm soil. This relationship (Figure 4.3) indicated that N uptake was limited by net N 

mineralization (b near 1 in Figure 4.3(c)) except with water stress in the 35 cm cover during 

2011, even with greater TN in deeper covers.  

The modelled annual N uptakes (Figure 4.2) in three covers were greater than the estimated 

average N uptake in boreal coniferous forests (0.51 ± 0.2 g N m-2 y-1), but closer to the boreal 

deciduous mature forests in Alaska (2.5 g N m-2 y-1) (Cole and Rapp, 1981). However, the 

modelled N uptakes were within the ranges of uptake (0.1 - 5 g N m-2 y-1) estimated by Shenoy et 

al. (2013) in regenerating fire disturbed forest sites (16 year old stands) in Alaska.  

Achieving rapid root growth and thereby deeper root systems in planted trees is important 

to avoid nutrient stress (Grossnickle, 2005) and to enable rapid N uptake sufficient for plant 

growth especially in a harsh environment like that of the reclaimed site initially without a forest 

floor to facilitate nutrient cycling (Pinno et al., 2012). Thus the deeper root system in the 100 cm 

cover facilitated N uptake (Eqn. 2) as described in Section 4.2.1.2., and increased plant growth 

by reducing nutrient stress during the early reclamation period. The N uptake in 35 cm and 50 

cm covers was controlled by  (Figure 2.3 in Chapter 2) and mineralized N (Figure 4.3(a)) 

during dry and intermediate years vs. wet years. Consequently lower foliar production was 

modelled in these covers (Table 4.3) from lower AWHC and N uptake that reduced C from CO2 

fixation, reducing shoot to root C concentration gradient [C50] and translocation of C from 

shoot to root, and thereby reducing root growth and N uptake [C23g].  

4.4.3.1. Greater N uptake from deciduous vs. coniferous trees in thicker covers 

Total tree N uptake and cycling depends on the species composition of the forest stand 

because faster N cycling has been observed in deciduous stands vs. conifers (Pastor, 1987; 

Jerabkova et al., 2006; Shenoy et al., 2013). In the model, faster growing deciduous species such 
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as aspen drove greater N uptake rates vs. conifers such as white spruce (Figure 4.2d vs. c) in all 

the reclamation covers, consistent with observations by Lambers and Poorter (1992), Kronzucker 

et al. (1997), Min et al. (2000) and Nitschke et al. (2017) in different boreal forests. The N 

uptake of a 16 year old severely burned boreal forest site (stem density = 8 m-2) in Alaska also 

showed similar N uptake by aspen and white spruce (Shenoy et al., 2013) to that modelled after 

16 years in the current study. The modelled N uptakes of aspen and spruce in the 100 cm cover 

(Figure 4.2(c,d)) which had the similar aspen:white spruce ratio to the recovering burned site, 

were within the ranges of estimated N uptake by aspen (3.5 - 4.2 g N m-2) and by white spruce 

(0.8 - 0.9 g N m-2) for 120 growing days (Shenoy et al., 2013).  

4.4.4. Greater plant N uptake increased CO2 fixation, NPP and carbon biomass production 

in thicker covers 

The greater N mineralization and thereby uptake (Eqn. 2) in the 100 cm cover raised the 

root and mycorrhizal N in the model driving more rapid transfer of N from mycorrhizae to 

roots [C53], and from root to branches [C51]. These transfers raised canopy and foliar N:C 

hastening CO2 fixation [C6b, C8b] and hence NPP. Thus NPP increased linearly with increasing 

tree N uptake as determined by cover depth (Figure 4.4). Greater root–shoot transfers of N 

[C51] and greater shoot production of C in the model [C6, C8] drove more rapid shoot growth 

[C20a]. This raised the modelled foliar production in 100 cm vs. 35 cm and 50 cm covers as 

indicated by the greater LAI (Table 4.3). The measured and modelled foliar N concentrations 

were not significantly different among the reclamation covers (Figure 4.5). However, the greater 

LAI in 100 cm cover indicated greater N uptake to maintain increased areal densities of rubisco 

[C6b] and chlorophyll [C7b], and thereby CO2 fixation, NPP and subsequently increased 

biomass growth (Figure 2.12 in Chapter 2). Similar structural N concentration in foliage of all 
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the covers may be due to greater CO2 fixation enabled by greater N uptake in 100 cm cover 

which increased both the Cand N commensurately, maintaining stable N concentration 

although C and N uptake amounts increased with the leaf mass. In contrast, reduced N uptake in 

35 cm and 50 cm covers reduced the foliar N:C and thereby reduced the CO2 fixation [C6b, 

C8b] through product inhibition [C11]. This caused lower shoot growth, foliar production and 

thereby lower LAI in 35 cm and 50 cm covers and consequently lower NPP and biomass growth, 

particularly during wet years (Table 4.3) when there was no water limitation or salt effect. The 

modelled lower NPP vs. N uptake in drier year (2011) than in wetter years (2012 and 2013) 

(Table 4.3 and Figure 4.4) indicated that NPP in shallow covers was more controlled by  and 

salinity during dry years, and more by N uptake during wet years. Similar modelled NPP in 

different slope positions during wet years and greater modelled NPP in lower vs. upper slope 

positions in drier years (Table 2.6), indicated that NPP of upper slope positions was more 

controlled by  than by N availability during drier years. 

The aspen and white spruce NUE derived from modelled N uptake and NPP (Figure 

4.4(a,b)) followed a similar pattern to that described by Nitschke et al. (2017) who measured 

NUE along disturbance and nutrient availability gradient in boreal forests in southwest Yukon. 

Modelled NPP of aspen and white spruce (Figure 4.4) in the current study included both the 

above and belowground NPP. Thus the average NUE for aspen (ca. 60 g C g-1 N) and white 

spruce (ca. 80 g C g-1 N) estimated by Nitschke et al. (2017) using aboveground vegetation were 

lower than the NUE in the current study. However, the NUE in reclamation covers (slope of 

Figure 4.4(c)) was within the range (65 - 160 g C g-1 N) estimated by Finzi et al. (2007) in 

temperate forests.  
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The average asymptote N uptake was 4.6 g N m-2 y-1 for the reclamation covers after the 

sites reached over-story canopy closure (Figure 4.3(b)). According to Figure 4.4(c), an average 

of 4.4 g N m-2 y-1 (±0.3 g N m-2 y-1) is required to achieve average NPP for boreal mixed-wood 

forest (ca. 400 g C m-2 y-1) as estimated by Gower et al. (2001), Kimball et al. (2006) and 

Stinson et al. (2011). This average NPP was achieved at SBH with a TN of 17 Mg N ha-1 in the 

100 cm cover for the current study, from which N uptake was within the standard error of 95% 

of asymptote N uptake. However, the target NPP depends on end land use and the average NPP 

for Canada’s managed boreal forests (302 g C m-2), as estimated by Kurz et al. (2013) could be 

achieved at SBH with TN of 12.9 Mg N ha-1 (that of the 50 cm cover) for the current study. 

Although all sites at SBH have an adequate TOC and TN content (Table 4.2) required to achieve 

a rich nutrient regime (CEMA, 2006) with no N limitation, tree N uptake was lower in the 35 cm 

cover due to lower decomposition and mineralization of organic nitrogen due to water limitation 

and lower microbial activities in PMM as observed by McMillan et al. (2007) and Hemstock et 

al. (2010). These quantified threshold values could vary with the quality of reclamation material 

and hence they pertain to the PMM and subsoil materials used in the current study. 

4.4.5. Foliar N concentrations indicated N deficiency in reclaimed covers 

Foliar nutrient concentrations are frequently used to diagnose nutrient deficiencies in 

forestry as they are significantly correlated with forest growth and productivity (Ballard and 

Carter, 1986; Wang and Klinka, 1997). Even though the modelled and measured aspen foliar N 

concentrations (Figure 4.5(a)) were below the optimum concentration of 69 mg N g C-1 for 

Populus spp. (Hansen, 1994), it was higher in each cover and in a regenerating natural site than 

the critical level for vascular plant growth (31 mg N g C-1) (Kirkby, 2012). Foliar N 

concentration of 31 - 52 mg N g C-1 indicates optimal white spruce growth (Nienstaedt and 
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Zasada, 1990). The modelled and measured white spruce foliar N concentration (Figure 4.5(b)) 

showed a moderate-severe N deficiency (22 - 27 mg N g C-1) in all the reclamation sites 

according to the criteria of Ballard and Carter (1986) and Nienstaedt and Zasada (1990). 

However, the modelled and measured white spruce foliar N concentration in the current study 

was greater than the mean foliar N concentration (22 mg N g C-1) measured by Chang et al. 

(2010) in six natural white spruce stands in the AOSR and were within the range (16 - 29 mg N g 

C-1) measured by Wang and Klinka (1997) in 102 white spruce stands in the Sub-boreal spruce 

zone of British Colombia. Through an in situ study, Duan and Chang (2015) also found that 

white spruce growth in reclaimed sites with PMM overlying overburden was limited by the low 

N availability. This lower spruce foliar N concentration may be attributed to the lower N 

availability in constructed sites and thereby lower uptake by the spruce (Figure 4.2(c)) vs. aspen.  

Although the foliar N concentrations were similar among the reclamation covers, tree N 

uptakes were different. Aspen growth was positively correlated (correlation coefficient = 0.9) 

with soil TN as found by Chen et al. (1998), but increase in growth was not proportional to that 

of TN in the soil profiles. Thus greater N availability in the 100 cm cover may also have 

contributed to the greater aspen N uptake and growth under the competitive environment in 

reclaimed landscapes. In ecosys, deciduous PFTs were modelled with greater N requirements 

from greater leaf N content and more rapid leaf turnover and hence more rapid nutrient loss than 

were coniferous PFTs, but with faster growth from more rapid CO2 fixation with greater leaf N 

concentration. Thus, faster growth of aspen relative to spruce was measured and modelled with 

more favourable soil N and water status in thicker covers (Figure 2.12 in Chapter 2). The lower 

N uptake, foliar N content turnover, but greater NUE in white spruce vs. aspen indicated that 
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white spruce is an efficient N conserver and hence enable to maintain NPP in areas with lower N 

availability (Nitschke et al., 2017) such as 35 cm cover in this study (Figure 4.4(a)).  

4.4.6. Greater NPP increased litterfall in thicker covers ensuring greater long-term N 

cycling  

Success in restoration of reclaimed boreal forests depends on establishing natural nutrient 

cycles particularly N since boreal forest productivity is limited by lower N availability in the soil 

(Mahendrappa and Salonius, 1982; Kaye and Hart, 1997; Carey, 2008). Even though early plant 

growth in all the reclamation sites was mainly governed by organic matter (Table 4.2) and the 

residual N in the soil from fertilizer application, litterfall mineralization contributed increasingly 

to plant N uptake later in the reclamation period (Table 4.4). The greater foliar production 

particularly by aspen indicated by greater LAI in the 100 cm cover, increased litterfall (Table 

4.4) and thereby surface litter depth developed on the reclamation cover (Figure 4.6(b)). 

Deciduous forests i.e aspen have shown higher N uptake, N requirement and fast turnover and 

thereby greater N return to soil due to greater quantity and better quality of litter (Van Cleve et 

al. 1983; Shenoy et al., 2013). In contrast, coniferous stands showed lower N cycling due to 

lower annual litterfall with lower N and lower quality from higher lignin content (Van Cleve et 

al., 1983; Jerabkova et al., 2006). Thus greater modelled N return from greater aspen:spruce litter 

N ratio in the 100 cm cover vs. the 35 cm and 50 cm covers hastened aspen N uptake and growth 

in the 100 cm cover, further hastening N cycling from that in the 35 cm and 50 cm covers. 

Greater soil water storage and lower salinity facilitated mineralization and microbial growth in 

the 100 cm cover further hastening N cycling. Thus long term plant growth in the 100 cm cover 

will be less limited by N availability relative to that in the 35 cm cover with a tendency to long 

term N limitation for plant growth. 
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4.4.7. Summary 

In summary, greater profile net N mineralization and N uptake were modelled in the 100 

cm cover vs. the 35 cm and 50 cm covers particularly during dry and intermediate years. The θ 

influenced the net N mineralization in each cover over the reclamation period. However, 

modelled net N mineralization rate relative to TN decreased with increasing cover depth due to 

reduced microbial activities from lower temperature and O2 concentrations in lower soil layers. 

Even though the foliar N concentration did not vary with cover depth, lower N uptake caused 

lower NPP in shallow covers particularly during wet years that did not show any water stress or 

salinity effects. However, N deficiency in all the covers for white spruce and aspen growth was 

evident by the modelled and measured foliar N concentration. The 100 cm cover showed greater 

foliar production and thereby greater litterfall and N return to soil than in the 35 cm and 50 cm 

covers ensuring establishment of early N cycle in 100 cm cover similar to natural sites 

recovering after severe fire disturbances.  

Even though NPP increased linearly with N uptake (Figure 4.4(c)), a non-linear 

relationship between TN and modelled N mineralization that drove tree N uptake (Figure 4.3(b)) 

indicated that cover depth that determines the TN will have little effect on NPP beyond a 

threshold TN depending on site conditions. The average boreal mixed-wood forest NPP and 95% 

of estimated asymptote N uptake were achieved with TN of 17 Mg N ha-1 (100 cm cover) using 

the PMM and subsoil for the current study. However the N uptake requirement varies according 

to the target NPP or end land use of reclaimed sites. Also the relationships between TN and N 

mineralization as well as TN and N uptake are site specific and vary with the composition of 

reclamation materials, C:N ratios and environmental conditions. Thus these relationships need to 

be developed for different sites to find the required TN that does not limit the plant growth. 
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Therefore, reclamation success in recovering target NPP for the reclaimed sites according to the 

end land use requires: 

 (1) Sufficient cover depth to provide enough organic matter and soil moisture to 

facilitate N mineralization and N cycling thereby to avoid N limitation for plant growth 

 (2) Consideration of how cover depth and N availability influences the growth of 

different plant functional types. 

Collectively, results of this study also demonstrate the ability of ecosys to predict the effect 

of cover depth on profile net N mineralization, N uptake, the relationship between N uptake and 

NPP and N return to the soil in reclaimed upland areas with a wide range of reclamation 

materials, compositions, PFTs, and weather conditions without calibrating to a specific site.  
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Table 4.1. Key soil nutrient properties used to model nutrient cycling in three reclamation 

covers. 

Nutrient availability Peat Mineral Mix Subsoil/Till Overburden 

TOCa                       (g C Mg-1)  171000 10000 7000 

Organic Na         (g N Mg-1)  5867 500 350 

Organic P          (g P Mg-1) 390 c 50* 35* 

NH4+ b               (g N Mg-1) 4 0.8 12 

NO3- b                 (g N Mg-1)  1.2 0.2 1.2 

Exchangeable P b (g P Mg-1)  5 0.1 0.1 

a 
from Macyk (1999) and Yarmuch (2003) 

b from Macyk (1999) 
c Lanoue (2003) 
*estimated as 0.1 x organic nitrogen 
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Table 4.2. Modelled total soil organic carbon (SOC) and total nitrogen (TN) in three reclamation 

covers at the beginning (1999) and after 13 years (2012) of reclamation.  

Cover type Total SOC (Mg C ha-1) Total nitrogen (Mg N ha-1) 

1999 2012 1999 2012 

35 cm 265 (±27) 267 9.5 (±3) 9.7 

50 cm 359 (±36) 361 12.9 (±4) 13.2 

100 cm 443 (±42) 445 17.0 (±9) 17.3 

Values are averages with standard error of the mean indicated in parentheses. In 1999, modelled values were initialized from 

measured values.  
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Table 4.3. Modelled nitrogen uptake, net primary productivity (NPP) and leaf area index (LAI) averaged over slope positions in three 

cover depths (35 cm, 50 cm and 100 cm) after planted trees (aspen + white spruce) reached over-story crown closure. 

 

Year Precipitation (mm) N uptake (g N m-2 y-1) NPP (g C m-2 y-1) LAI (m2 m-2) 

35 cm 50 cm 100 cm 35 cm 50 cm 100 cm 35 cm 50 cm 100 cm 

2011 238 2.99 3.83 4.33 224 309 368 1.84 2.26 2.43 

2012 507 3.81 4.33 4.62 347 404 444 2.13 2.41 2.44 

2013 462 3.71 3.97 4.37 383 440 484 2.53 2.85 2.95 

2014 385 2.97 3.19 3.65 356 397 445 2.69 2.92 3.00 

2015 340 2.73 2.79 3.39 362 403 472 2.74 (2.4±0.1) ¶ 2.95 3.10 (3.3±0.1) ¶ 

¶ Measured average Leaf Area Index ±standard error of the mean. 
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Table 4.4. Modelled (Mod) and measured (Mea) annual surface litterfall (in fall) carbon and modelled litterfall nitrogen averaged over 

slope positions in three reclamation coversa  

 

Year 
Litterfall carbon (g C m-2 y-1) Litterfall nitrogen (g N m-2 y-1) 

35 cm 50 cm 100 cm 35 cm 50 cm 100 cm 

Mod Meaa Mod Meaa Mod Meaa Mod Mod Mod 

2011 43 33 49 43 64 56 0.80 0.93 1.02 

2012 26 26 34 36 61 58 0.80 0.88 0.97 

2013 35 33 43 41 67 65 0.85 0.92 1.02 

2014 45  55  70  0.76 0.85 1.01 

2015 50  62  83  0.58 0.67 0.85 

a Measured values from Drozdowksi et al. (2014). 
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Figure 4.1. (a) Measured annual precipitation and mean annual air temperature (MAT) (b) 

modelled annual net N mineralization in soil profile averaged over slope positions in 35 cm 

(red), 50 cm (black) and 100 cm (blue) covers. Modelled annual profile net N mineralization in 

each cover was taken from annual sums of hourly modelled net N mineralization (UNH4i,n,j,l in 

Eqn. 1(a)) by all kinetic components j of all MFTs n in all substrate-microbe complexes i, in all 

soil layers l within the soil profiles. Lower growing season precipitation in 2003 caused lower 

mineralization in each cover. 
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Figure 4.2. (a) Measured annual precipitation and modelled annual (b) understory (clover + 

grass) (c) white spruce (d) aspen and (e) total tree N uptake averaged over slope positions in 35 

cm (red), 50 cm (black) and 100 cm (blue) covers from 2001. 
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Figure 4.3. (a) Relationship between estimated total nitrogen (TN) in the reclaimed soil profile 

and modelled net N mineralization, (b) relationship between estimated TN and modelled total 

tree N uptake (aspen + white spruce) and (c) relationship between modelled net N mineralization 

and modelled total tree N uptake during 2011 - 2015 (after planted trees reached over-story 

crown closure in 2010). One drier year (2011), two wet years (2012 and 2013) and two 

intermediate years (2014 and 2015) were experienced during this period. The red, black and blue 

dots in (c) represent the 35 cm, 50 cm and 100 cm reclamation covers respectively. The reduced 

N uptake with water stress in the 35 cm cover (TN = 9.5 Mg N ha-1) in dry year (2011) left more 

mineral N for uptake in wet years (2012 and 2013), as indicated by the greater N uptake (Figure 

4.3(b)) vs. net N mineralization (Figure 4.3(a)) modelled during 2012 and 2013.  
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Figure 4.4. Relationship between modelled N uptake and modelled net primary productivity in 

(a) white spruce, (b) aspen and (c) total tree in reclaimed covers. Slope of the lines in graphs 

represent the nutrient-use efficiency (NPP/Nuptake). The red, black and blue dots represent the 35 

cm, 50 cm and 100 cm reclamation covers respectively. The modelled lower total NPP vs. N 

uptake in drier year (2011, covered by orange rectangle) than in wetter years (2012 and 2013, 

covered by green rectangle) indicated that NPP in shallow covers was more controlled by  and 

salinity during dry years, and more by N uptake during wet years. 
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Figure 4.5. Modelled (filled bars) and measured (striped bars) foliar N concentrations of (a) 

aspen (b) white spruce along the slope positions in 35 cm (red), 50 cm (black) and 100 cm (blue) 

covers, and natural site (green stripped bar) during July in 2012, 2013, 2014, and 2015. Vertical 

bars represent standard error of the mean in each site, measured (n=9) and modelled from slope 

positions (n=5). 
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Figure 4.6. Modelled (filled bars) and measured (striped bars) (a) N concentrations in surface 

litter developed on PMM and (b) surface litter depth developed on PMM in 35 cm (red), 50 cm 

(black) and 100 cm (blue) covers in July 2015. Vertical bars represent standard error of the 

mean, modelled from slope positions (n=5) and measured site (n=9). Capital letters indicate 

significant differences of measured values and lower letters indicate significant differences of 

modelled values among cover types (= 0.05).  
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Chapter 5 

Modelling long-term effects of reclamation cover depth on forest regeneration 

in reclaimed landscapes in Northern Alberta under current and future 

climates 

5.1. Introduction 

The growth and thereby productivity of planted trees in landforms constructed after open 

pit mining have been adversely affected by various undesirable soil characteristics such as low 

available water holding capacity (AWHC), compaction, salinity, topography and low nutrient 

availability (Fung and Macyk, 2000; Kessler, 2007; Kelln, 2008; Duan and Chang, 2015; 

Macdonald et al., 2015). Therefore different covers have been constructed across open pit mining 

sites to overcome these effects depending on availability of cover materials, parent materials in 

the region and construction strategies (Rowland et al., 2009). In addition, various laboratory, 

greenhouse, field and modelling studies have been conducted to determine the short and long-

term effects of these adverse conditions on growth of planted trees in reclaimed landforms. Some 

of these previous studies found that severity of the adverse conditions in reclaimed landforms 

declined with increasing cover depth (Elshorbagy et al., 2007; Kelln et al., 2007; Kessler, 2007; 

Keshta et al., 2010; Meiers et al., 2011; Huang et al., 2015; Macdonald et al., 2015). Results of 

the current modelling study (Chapters 2-4) also indicated that increases of AWHC and nutrient 

availability, as well as declines of negative effects of salinity, raised gross and net primary 

productivity (GPP and NPP) with increasing cover depth. However these results also 

demonstrated that increased cover depth had little effect on productivity once a threshold 

capping depth was exceeded, depending on site conditions. The cost of reclamation is 
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considerably increased with cover depth (Bradshaw, 1997; Boese, 2003; Elshorbagy et al., 2006) 

so that addition of more cover materials than required will further increase the cost without much 

benefit in NPP. Therefore sufficient and economical cover depth application is required to 

achieve productivity in reclaimed landforms according to target land use. 

However long-term forest growth in reclaimed landforms will occur under a climate that is 

different from that under which the study was conducted. Thus restoration of reclaimed 

landforms in Northern Alberta is also affected directly and indirectly by future warming, 

particularly with amplified warming effects in higher latitudes (IPCC 2013; Mekonnen et al., 

2018a). Warming directly affects GPP in boreal climates by improving kinetics of carboxylation 

and thereby rates of CO2 fixation (Bernacchi et al., 2001; Mekonnen et al., 2016), and indirectly 

affects GPP in water-limiting areas particularly with lower AWHC due to increased 

evapotranspiration, soil drying and hence more frequent water stress (Grant et al., 2008; 

Mekonnen et al., 2016). Warming may further increase the adverse effects of salinity on plant 

productivity in water limiting areas by decreasing osmotic () and thereby soil water potential 

(s) more than under current climate. Warming also hastens decomposition and nitrogen (N) 

mineralization, N uptake and hence CO2 fixation (Ineson et al., 1998; Hart, 2006), so that 

productivity in both reclaimed and natural areas will increase under warming. Therefore 

identifying cover depth required to ensure re-establishment of reclaimed landforms under 

different climatic conditions is essential to achieve equivalent land capabilities under warming. 

Warming may also affect GPP through changes in plant species composition, as demonstrated by 

previous warming studies (Shaver et al., 2000; Hudson and Henry, 2009; Pieper et al., 2011; 

Mekonnen et al., 2018b). Thus, understanding changes in planted species composition in 

reclaimed areas under warming is important to establish target ecosystems.  
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The effects of warming on GPP, NPP and biomass production in reclaimed lands are 

uncertain. A rigorous modeling effort based on fundamental processes governing water, energy, 

ionic solutes and nutrient interactions through the soil-microbe-root-canopy-atmosphere system 

can provide both short and long-term forecasts of land capability restoration for reclamation 

landforms under different climatic conditions. The ability of ecosys to capture the effects of 

warming on CO2 fixation, NPP and thereby net ecosystem productivity have been rigorously 

tested against measured fluxes across different ecosystems: e.g. in diverse temperate and boreal 

forests (Grant et al., 2009a, 2009b, 2010; Grant, 2013, 2014), and Arctic tundra (Grant et al., 

2003, 2011, 2015, 2017) in higher latitudes and different regions of North America (Mekonnen 

et al., 2016, 2018a,b). To date modelling studies have not been conducted to study warming 

effects in novel ecosystems undergoing reclamation. Therefore, in this study the comprehensive 

terrestrial ecosystem model ecosys (Grant (2001, 2014); Grant et al., 2012) was used to identify 

the threshold AWHC required to reach target NPP for the reclaimed site by adding seven 

hypothetical cover depths (60 cm -150 cm) to the three cover depths (35 cm, 50 cm and 100 cm) 

examined in these studies, and to determine the relationship between constructed cover depths 

and long-term plant productivity under current and warming climates. The main objectives of 

this study were (1) to understand and quantify the AWHC required to achive 95% of maximum 

NPP (threshold) after the site had reached over-story crown closure under current climate and (2) 

to understand whether this threshold AWHC determined by cover depth is sufficient to meet 

water demand in reclaimed landforms under a future climate change scenario 
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5.2. Methods 

5.2.1. General model description 

Ecosys is a comprehensive mathematical model that has the ability to represent multiple 

soil and canopy layers in soil-microbe-canopy–atmosphere systems at three-dimensional scales. 

The model simulates physical, chemical and biological processes in natural and disturbed 

terrestrial ecosystems through the acquisition, transformation and transfer of radiation, water, 

carbon, oxygen, nitrogen and phosphorous (Grant, 2001) using site-independent algorithms 

(Mezbahuddin et al., 2014) to achieve realistic landscape-scale predictions of productivity under 

a wide range of site conditions. The key parameters and algorithms used in ecosys were 

described in Grant (2001; 2014) and Grant et al. (2012) and remain unchanged from those used 

in earlier studies. The major algorithms that govern the water relations (Chapter 2), salinity 

(Chapter 3) and N availability (Chapter 4) and their effects on NPP in ecosys were desribed in 

previous chapters with reference to supporting equations given in the Supplement. The processes 

that govern the direct and indirect effects of warming on carbon fixation and thereby NPP and 

forest biomass production, as described below, have been explicitly modelled in the ecosys 

(Grant et. al., 1999, 2007; Grant, 2014). The general description and parameters that are most 

relevant to modelling impacts of warming and concurrent raise in CO2 on GPP and NPP are 

given below with reference to supporting equations given in the Supplement.  

5.2.1.1. Direct effects of warming on CO2 fixation and GPP in the constructed and natural 

landscapes 

Direct effects of warming on productivity are mainly determined by the air temperature 

(Ta). In ecosys, all canopy biological processes are driven by canopy temperature (Tc) and 

thereby GPP is determined by Tc solved from first-order closure of the canopy energy balance 
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[B1a] as affected by Ta. Effects of rising Tc on carboxylation [C6b and C10a], oxygenation [C6d 

and C10b], and Michaelis–Menten constant for carboxylation (Kc ) [C6e, C10d and C10e] are 

modeled with Arrhenius functions for light and dark reactions (Grant et al., 2007a) using 

parameters from Bernacchi et al. (2001, 2003). Thus, CO2 fixation and GPP are directly affected 

by increased Ta. Canopy carboxylation rates [C6a] are coupled with CO2 diffusion rates [C2] by 

solving for a set ratio for intercellular to canopy gaseous CO2 concentration (Ci:Cb) maintained 

under ambient CO2 concentration (Ca), irradiance, Tc, leaf nutrient content and canopy water 

potential (c) (Grant et al., 2007a). The increase of Ci assumed to be raised proportionately with 

elevated Ca increases the mesophyll aqueous CO2 concentration and thereby canopy 

carboxylation and GPP under climate change (Grant, 2013). Raising Tc improves kinetics of 

carboxylation more in cooler climates (Bernacchi et al., 2001) due to larger temperature 

sensitivity of biological processes (Q10) at lower temperatures. Raising Tc also increases Kc 

(Bernacchi et al., 2001, 2003) while reducing aqueous CO2 concentration in canopy chloroplasts 

(Cc) to Ci (Farquhar et al., 1980). In cooler climates such as that in this study, the positive effect 

of warming on carboxylation kinetics is greater than the negative effects of warming on Kc and 

Cc so that warming increases CO2 fixation (Shaver et al., 2000).   

5.2.1.2. Indirect effects of warming on GPP and NPP in the constructed and natural 

landscapes 

5.2.1.2.1. Water relations: Indirect effects of warming on plant productivity depend on the 

changes in the environment from changing Ta (Shaver et al., 2000). Rising Ta affects GPP 

indirectly by increasing vapor pressure deficits (D) (assuming relative humidity does not change) 

and hence potential evapotranspiration, which may not be offset by increased moisture 

availability in soil profiles, causing soil drying (Grant et al., 2008). The effect of D on 
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evapotranspiration in ecosys is solved through the first-order closure of the energy balance [B1a]. 

Greater transpiration lowers c [B14] and raises canopy stomatal resistance (rc) [B2b] reducing 

CO2 diffusion and fixation [C2, C3] (Grant et al., 2008). Thus, GPP in reclaimed landforms with 

lower vs. higher AWHC is greatly affected by warming due to decreasing soil water content (θ) 

from increasing evapotranspiration. Also autotrophic respiration (Ra) continuously increases with 

Tc [C13] even though CO2 fixation does not. However, concurrent increase in Ca reduces the 

transpiration by raising Ca - Ci and hence rc [B2], thereby slowing soil drying (Grant et al., 

2006a, 2012). Therefore the increase in growth from increased CO2 fixation under elevated Ca 

offsets the reduction in growth from greater D under rising Ta (Grant et al., 2006a).  

Thus, CO2 fixation and GPP will increase with Ta in all reclaimed landforms within the 

study site and regenerating natural sites as they are located within the cooler regions. However, 

the productivity in shallow covers may decrease particularly in drier years, if the effect of 

increased Ta on ET is greater than that of elevated Ca. 

5.2.1.2.2. Nitrogen availability and uptake: Warming hastens soil N mineralization [A26] and 

root active N uptake [C23] modelled by an Arrhenius function of soil temperature (Ts) [A6]. 

Thus, N uptake and plant productivity increase with soil warming (Grant, 2014). However, lower 

AWHC in shallow vs. deeper covers limits the N uptake from reduced N demand for growth 

under warming particularly during dry years. 

Further description of the major algorithms that govern the direct (CO2 fixation) and 

indirect effects (water relations and nutrient uptake) of warming on GPP and growth of different 

PFTs in ecosys can be found in Grant et al. (2006a), Grant (2014), and Mekonnen et al. (2016, 

2018a,b).  
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5.2.2. Model Experiment: South Bison Hill reclamation site as represented in ecosys model 

runs 

5.2.2.1. Landscape 

The information for site management and soil properties collected during 1999 and 2000, 

were used to construct the input files used to initialize ecosys for SBH. These inputs represent 

the actual field characteristics which include site, climate, and plant and soil management data 

used by ecosys to simulate basic physical, chemical, and biological processes. Each reclamation 

cover was represented in the model as a transect of six interconnected grid cells each of which 

had a dimension of 50 m x 40 m. Five grid cells represented the slopes as shown in Figure 2.1 (b) 

and one grid cell represented the level area above the slope corresponding to the landscape at 

SBH. All the input data (site, climate, soil properties, soil and plant management) were the same 

among reclamation covers except cover depth as described in Section 2.2.2.1.  

5.2.2.2. Soil properties 

Soil physical and chemical data were taken from the studies done by Macyk (1999), Meiers 

(2002) and Yarmuch (2003) and soil biological data were taken from the study done by Lanoue 

(2003) in the SBH site. The soil water content at field capacity and permanent wilting point (θFC 

and θPWP respectively) for PMM, subsoil material and overburden (Table 2.2 in Chapter 2) were 

derived from water desorption curves developed using measured θ vs. soil matric potential (m) 

data. Although measured time domain reflectometry (TDR) values had indicated slightly 

different θFC and θPWP for the PMM, subsoil and overburden materials in each of the three covers, 

average values were used for each material in all reclamation treatments so that modelled 

differences in soil and plant water status and in plant growth could be attributed to those in 
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capping depth. Further details of soil properties used in modelling can be found in Section 

2.2.4.2. 

5.2.2.3. Land management 

Fertilizer application was modelled as practiced in the field at the beginning of simulation 

runs (1999). Aspen and white spruce PFTs and grass and clover PFTs were seeded in each grid 

cell at the densities described under the reclamation method in Section 2.2.2.3. In 2007, ingress 

plants were seeded at as the density described under Section 2.2.2.3. The model was run for 17 

years (1999 - 2015) using the daily weather data described in Section 2.2.3.1.  

5.2.2.4. Simulation runs with hypothetical cover depths  

Projections were made with seven hypothetical covers with cover depth of 60 cm, 70 cm, 

80 cm, 90 cm, 120 cm, 140 cm and 150 cm covers together with the three constructed cover 

depths (35 cm, 50 cm and 100 cm) (Figure 5.1) to determine the threshold AWHC for the site 

which achieves 95% of maximum NPP under site conditions and/or similar average NPP of the 

target boreal mixed-wood forest. The thickness of peat-mineral mix (PMM) layer was set to 20 

cm for all the covers except 35 cm cover which remained 15 cm, so that subsoil depths were 

changed to get hypothetical cover depths. Except cover depth all the other factors were kept 

constant to model plant growth as described in Sections 2.2.4, 5.2.2.2 and 5.2.2.3 in the 

hypothetical covers. The AWHC in each cover was calculated using field measured FC and PWP 

values in each horizon of the soil profile on the basis of soil texture (CEMA, 2006) and SOC and 

TN were calculated using measured TOC and TN percentages in each reclamation material 

(Table 5.1). The model was run for 17 years (1999 - 2015) using the daily weather data described 

in Section 2.2.3.1. The modelled NPP at different slope positions were averaged to get NPP in 

each reclamation cover. 
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5.2.2.5. Long-term simulation runs under current and warming climates  

Long-term projections of cover depth effects on forest productivity under current climatic 

conditions were conducted by running the model for 100 years (1999 - 2099) with repeating 

sequences of 1999 - 2016 weather data. Future warming was driven by gradual changes in Ta and 

P from those in the current climate derived from RCP 8.5 climate change scenario ensemble 

projections (Table 5.2), downscaled and averaged across 15 CMIP5 models (Wang et al., 2016), 

extracted from the model grid cell within which the SBH site is located. Atmospheric carbon 

dioxide concentration (Ca) changes (CO2 concentrations for the RCP) derived from Meinshausen 

et al. (2011) were used to model concurrent gradual rise in CO2 with warming. The modelled 

GPP and NPP at different slope positions were averaged to get GPP and NPP in each reclamation 

cover. 

5.2.3. Natural forest site following fire 

Long-term GPP and NPP modelled from reclamation covers were compared with those 

modelled in a regenerating severely burned natural forest landscape approximately 14 km north 

(57°7'11.69"N, 111°36'23.90"W) from SBH near the Beaver river on the western side of the 

Athabasca river. The site was selected using fire, vegetation and ecosite maps and was 4 years 

younger than the SBH. This site was a typical “d” ecosite which was the target ecosite of the 

reclaimed landforms, with sandy loam to silty loam soil developed from till and glaciofluvial 

sediments (Crown and Twardy, 1970; Das Gupta, 2015). The site was a trembling aspen 

dominant stand (nearly 99%), with a few sporadic white spruce (Picea glauca (Moench) Voss.), 

recovering from fire that had occurred during 2003 (Das Gupta, 2015). The estimated AWHC 

within the root zone calculated using field measured FC and PWP values in each horizon of the 

soil profile on the basis of soil texture (CEMA, 2006) was > 200 mm for the natural site. 
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5.2.3.1. Natural forest site as represented in ecosys 

The natural forest site was a plain landform represented in the model as a grid cell with a 

dimension of 50 m x 20 m. The model run with weather data (1948 - 1998) from the North 

American Regional Reanalysis (NARR) and Fort McMurray airport station and SBH weather 

data (1999 -2003) was used to form a 56-year (1948 to 2003) spin-up for the site. This spin-up 

allowed the model to generate a stable, mature forest prior to the fire disturbance. Then a stand 

replacing fire was introduced in May 2003 after which aspen was seeded with the density of 

1600 stems ha-1 and white spruce with density of 50 stems ha-1 in June 2003. The model was run 

to 2015 using the same weather files as those at SBH. Several properties in the LFH (ca. 7.5 cm) 

and mineral soil layers (0 - 100 cm); i.e: bulk density, texture, pH, TOC, TN and mineral N were 

collected from the site (2012 - 2014), and other soil physical, chemical and biological properties 

were taken from soil data for the site in the Unified North America Soil Map (UNASM) dataset 

(Liu et al., 2013) as described in Mekonnen et al. (2016) and used as inputs to the model runs. 

Long-term forest productivity in the natural site after severe burning was simulated by running 

the model for 97 years (2003-2099), with repeating sequences of 1999 - 2016 weather files the 

same as those used for SBH runs as described in Section 5.2.2.5. Future warming and concurrent 

raise in CO2 were driven by an RCP 8.5 climate change scenario ensemble projections (Table 

5.2), as for the constructed landforms in SBH. 
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5.3. Results 

5.3.1. Changes in NPP and aboveground carbon biomass with increased AWHC in 

reclaimed landforms 

Modelled NPP under current climate increased non-linearly with increasing AWHC among 

the hypothetical reclamation covers as determined by cover depth (Figure 5.2). These differences 

were greater during dry (i.e. 2011; P = 238 mm) vs. wet years (i.e. 2012, 2013; P = 485 mm) 

after the site had reached over-story crown closure in 2010. In wet years, greater NPP was 

modelled in all the covers (asymptote at 478 g C m-2 y-1) compared to dry years (asymptote at 

386 g C m-2 y-1). In dry years, a greater NPP increase (162 g C m-2 y-1) was modelled with the 

highest vs. lowest AWHC as determined by cover depth whereas smaller NPP increases were 

modelled during intermediate (125 g C m-2 y-1) and wet (123 g C m-2 y-1) years (Figure 5.2). The 

95% of maximum NPP was reached at 162 mm (similar to that of the 100 cm cover in the current 

study). Consequently tree growth increased little with AWHC greater than 162 mm (Figure 5.3). 

5.3.2. Long-term changes in GPP and NPP in reclaimed landforms vs. regenerating natural 

forest under current and warming climates 

Long-term modelling can help to forecast reclamation trajectories in constructed landforms 

with different cover depths. Modelled GPP and NPP under current climate increased 

exponentially in each cover during the first 15 years from start of reclamation (Figure 5.4b,c) and 

then approached a steady rate. After canopy closure, GPP and NPP variations followed the 

precipitation and temperature patterns particularly in 35 cm and 50 cm covers. Greater 

productivity differences were modelled among the three covers during the first 25 years, but later 

all the covers reached a similar average NPP during wet years. However during dry years, NPP 

in the 35 cm and 50 cm covers was nearly 100 g C m-2 y-1 lower than the NPP in 100 cm cover 
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after reaching the steady rate (Figure 5.4b). In 2021, 2038, 2055, 2072 and 2089 (same weather 

as in 2003), NPP declined to half of the average in each cover due to lower growing season 

precipitation particularly from May to August (ca. 65 mm). Modelled GPP and NPP in the 

natural site rose gradually during first 25 years and followed the same pattern as reclamation 

covers during later years (Figure 5.4a,b). However, slightly higher plant productivity in natural 

site vs. reclaimed sites was modelled in wet years following dry years. The average modelled 

NPP (2015 - 2099) in 35 cm, 50 cm and 100 cm covers compared to that of regenerating natural 

site under current climate were 90%, 95% and 98% respectively. 

Long-term GPP and NPP patterns in these landscapes may change under future warming 

and concurrent rise in CO2. Warming was accompanied by the increased precipitation (Figure 

5.5a). The effect of 100 years of gradual rise in Ta and precipitation according to the RCP 8.5 

climate change scenario (Table 5.2) on modelled GPP and NPP varied according to the 

reclamation cover depth. A clear warming effect on GPP and NPP started to become apparent 

after 50 years from start of reclamation (Figure 5.5b,c). The average NPP modelled after 100 

years of gradual warming increased by 60 g C m-2 y-1 (14%), 66 g C m-2 y-1 (15%) and 100 g C 

m-2 y-1 (22%) in 35 cm, 50 cm and 100 cm covers, respectively compared to that modelled under 

current climate (Figure 5.5b). Smaller increases were modelled with shallower covers because 

during dry years under warming, NPP in the 35 cm and 50 cm covers declined by 5 % and 1% 

from NPP modelled under current climate respectively compared to the 100 cm cover, which 

increased NPP by 3% from NPP modelled under current climate.  

Aspen productivity in the regenerating natural site responded strongly to warming (Figure 

5.5b,c) and modelled average NPP increased by 240 g C m-2 y-1 (45%), a much greater increase 

than those in the reclamation landforms. In the natural site, greater increases in GPP and NPP 
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under warming vs. current climate were modelled in intermediate years (2047, 2064, 2081, 2098) 

following dry years (Figure 5.5b,c) due to increases in N uptake (data not shown). These 

increases were caused by reduced N uptake relative to mineralization in drier years that left more 

mineral N for uptake in following intermediate and wet years as described in Section 4.3.3 in 

Chapter 4. 

The much greater increases in GPP and NPP modelled in the natural site than in the 

reclaimed sites were mainly attributed to nutrient availability. Low N mineralization and uptake 

rates and hence lower foliar N concentrations modelled (as described in Section 4.2.1.3 in 

Chapter 4) over 100 years under current climate (Table 5.3) indicated that long-term plant 

productivity in reclaimed covers was limited by the availability of soil N. Reductions in foliar N 

and P concentrations modelled over 100 years under warming vs. current climate (Table 5.3) 

indicated that both available N and P limited the GPP and NPP gains with warming in the 

reclaimed site. In contrast, greater increases in N mineralization and N uptake were modelled in 

the regenerating natural site under warming (Table 5.3). This greater N mineralization and 

uptake increased the rubisco activities and hence productivity of aspen in the natural site (as 

described in Section 4.2.1.3 in Chapter 4). Also greater modelled aspen and spruce foliar P 

concentrations indicated that plant productivity in the natural site was not limited by soil P 

availability. Lower modelled foliar P concentrations modelled in aspen and spruce in the 

reclaimed sites were mainly attributed to the greater average N:P ratio in PMM (15:1) compared 

to LFH (10:1) in the natural site (Lanoue, 2003). 

Greater N mineralization and uptake modelled in the natural site (Table 5.3) was partly 

attributed to increases in Ts modelled in the LFH and upper 20 cm of the mineral soil at the 

natural site of 2 - 4 0C over those at similar depths in the PMM and subsoil at the reclaimed sites 
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(data not shown), particularly under warming due to aspect, slope and PFTs. Also greater C and 

N concentrations in LFH vs. PMM in reclaimed sites (as described in Section 4.3.1 in Chapter 4) 

facilitated the N mineralization in the natural site.  

5.3.3. Changes of tree aboveground carbon biomass under current climate and climate 

warming 

Under current climate, differences in tree aboveground carbon biomass among reclamation 

covers (Figure 5.6a) were mainly determined by the early tree growth as indicated by greater 

NPP differences among the covers during first 15 years (Figure 5.4b). After 50 years from start 

of reclamation, the 50 cm cover reached a similar aboveground carbon biomass as in the 100 cm 

cover (Figure 5.6a) due to greater NPP in later wet years. However, the differences during early 

regeneration in the 35 cm vs. 100 cm covers were maintained during the rest of the run. After 

100 years from reclamation, modelled aboveground biomass in reclamation covers under current 

climate was ~ 85% of that in the regenerating natural site due to increased GPP and NPP in 

natural site vs. reclaimed sites during wet years following dry years (Figure 5.4). 

Even though modelled GPP and NPP increased gradually with warming (Figure 5.5), the 

modelled carbon biomass in 35 cm and 50 cm covers under warming climate decreased 

compared to modelled values under current climate (Figure 5.6) whereas 100 cm cover had 

similar aboveground carbon biomass under warming climate to that modelled under current 

climate after 100 years. Modelled aboveground biomass in the natural site increased by ~46 % 

after 100 years under gradual warming (Figure 5.6) compared to the biomass modelled after 100 

years under current climate. Therefore long-term modelled aboveground biomass in reclamation 

covers after 100 years of gradual warming was only 56% of that in the regenerating natural site. 

The lower biomass gains in reclaimed sites vs. natural site under warming climate were 
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attributed to the reduced GPP and NPP gains due to nutrient limitation particularly P in 

reclaimed sites as described in Section 5.3.2. 

5.3.4. Long term effects of cover depth and warming on PFT changes 

Changes of modelled aboveground carbon biomass under warming vs. current climate 

(Figure 5.6) were derived from changes in aspen and white spruce NPP. In the 35 cm cover, a 

small decline of white spruce NPP and hence biomass offset a small gain of aspen NPP and 

biomass under warming vs. current climate (Figures 5.7(a,b) and 5.8(a,b)). However, a greater 

decline in white spruce NPP and hence biomass and a greater gain in aspen NPP and biomass 

were modelled in the 50 cm cover under warming vs. current climate (Figures 5.7(c,d) and 

5.8(c,d)). There was a small decline in modelled white spruce that was more than offset by  a 

greater increase in modelled aspen in the 100 cm cover (Figures 5.7(e,f) and 5.8(e,f)) under 

warming vs. current climate. Overall, these results indicated a greater aspen vs. white spruce 

growth with increased cover depth and warming (Figures 5.7 and 5.8). 

5.4. Discussion 

5.4.1. Forest productivity in reclaimed sites under warming climate limited by the nutrient 

availability  

Increases of average GPP and NPP in all the sites in response to warming in the current 

study were consistent with free air CO2 enrichment (FACE) experiments (King et al., 2005; 

Norby et al., 2005; Stoy et al., 2008) which found productivity increase with CO2 enrichment, as 

well as remote sensing (Ciais et al., 1995; Myneni et al., 1997) studies and modelling studies 

conducted by Grant et al. (2001, 2006a), Hickler et al. (2008), Grant (2014) and Mekonnen et al. 

(2016, 2018a), who found productivity increases in higher latitudes and in boreal forests under 
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warming. Productivity in boreal forests is constrained by temperature and length of growing 

season (D’Orangeville et al., 2016). Thus productivity increases with warming in the model were 

mainly attributed to greater length of growing season (Myneni et al., 1997; Mekonnen et al., 

2018a) and hence duration of CO2 fixation (Grant et al., 2011; Mekonnen et al., 2018b), and to 

more rapid carboxylation kinetics from greater Q10 in cooler climates (Bernacchi et al., 2001, 

2003). These more rapid kinetics were sustained by increased plant N uptake under warming due 

to more rapid N mineralization from soil warming (Grant et al., 2006a). Thus, modelled GPP and 

NPP in reclaimed sites and natural forest site rose with warming according to the direct and 

indirect processes described in Sections 5.2.1.1 and 5.2.1.2.  

The average increase of 240 g C m-2 y-1 in NPP modelled in natural site after 97 years of 

gradual warming was consistent with the average annual NPP increase (~ 200 g C m-2 y-1) of 

temperate forests in New England, USA, modelled using HADGE global circulation model 

(GCM) and RCP 8.5 climate change scenario by Duveneck and Thompson (2017) over 90 years 

as well as greater NEP increase (200 g C m-2 y-1) measured using eddy covariance by Stoy et al. 

(2008) in late successional (80 -100 years old) hardwood forest at Duke  under ~7.5 0C increase 

of MAT. Also the percentage of modelled NPP increase (ca. 45 %) in natural site after 97 years 

of gradual warming and rising Ca was consistent with the percentage of NPP increase (ca. 32 %) 

estimated by Chen et al. (2000) in Canada’s forests from 1895 to 1996 under increased Ta (~ 2 

0C) and CO2 fertilization (370 vs. 290 μmol mol−1), and NPP increase (~40%) of fire disturbed 

boreal forest in Prince Albert, Canada over 100 years estimated by Peng and Apps (1999) with 

GISS GCM 2x CO2 climate change scenario plus increased atmospheric CO2 (doubling over 100 

years). Moreover, the percentage of aspen biomass increase (ca. 46 %) in natural site after 100 

years of gradual warming and rising Ca compared to that under current climate was consistent 
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with the percentage increase in aspen biomass (ca. 40 %) measured after 7 years under elevated 

CO2 in FACE experiment in Rhinelander conducted without N limitation (King et al., 2005). The 

use of high-emission representative concentration pathway (RCP 8.5) for climate change 

scenario (Table 5.2) may also contributed to the greater NPP modelled in natural site after 97 

years of warming.  

However the poor responses of GPP and NPP to warming modelled at the SBH 

reclamation covers vs. those at the regenerating natural site under warming indicated the 

limitations for plant growth in reclaimed landforms with increased Ta and precipitation. These 

limitations were;  

(1) Lower nutrient availability: The modelled foliar N and P concentrations (as described 

in Section 4.2.1.3. in Chapter 4) in aspen and white spruce at SBH (Table 5.3) 

indicated severe long-term N and P limitations for plant growth in reclaimed sites 

particularly under warming. The modelled aspen foliar N and P concentrations in all 

the reclaimed sites (Table 5.3) particularly under warming climate were much lower 

than the optimum foliar concentration of 69 mg N g C-1 (Hansen, 1994) and 5 mg P g 

C-1 for aspen (Van den Driessche 2000). Theses lower and gradual declining foliar N 

and P concentrations indicated the gradual increase of nutrient limitation for plant 

growth in reclaimed sites. In addition, modelled N and P foliar concentrations in white 

spruce (Table 5.3) showed long-term severe N deficiency (< 21 mg N g C-1) and severe 

P deficiency (< 2 mg P g C-1) in all the reclamation sites particularly under warming 

(Ballard and Carter, 1986). The N mineralization rates in reclaimed sites as shown in 

Figure 4.1 in Chapter 4 remained steady with time after 2015 (Table 5.3) due to N 

accumulation in wood, roots and soil over time, leaving less N for mineralization and 
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uptake (Table 5.3). This caused gradual decline in foliar N concentration and lower 

productivity gains in reclaimed sites under warming. These modelled results were 

consistent with the FACE experiment (Norby et al., 2010) conducted in a deciduous 

sweet gum forest stand over 11 years in Tennessee with limited N availability which 

showed a greater decline of foliar N concentration (ca. 14 mg N g-1 C) and lower NPP 

gain (9%) under elevated CO2 (550 μmol mol−1) compared to current ambient CO2 

concentration. The gradual decline of foliar P concentration in aspen and white spruce 

under warming (Table 5.3) indicated that P limitation became more severe in reclaimed 

sites under warming. However, the modelled aspen foliar N concentration in natural 

site under current and warming climates was within the range (40 – 60 mg N g C-1) 

measured by Chang et al. (2010) in eight natural aspen stands in the AOSR. Also 

modelled aspen foliar P concentration in natural site was greater than the optimum P 

concentration (> 5 mg P g C-1) and hence indicated sufficient N and P availability for 

plant growth.  

(2) Topographical effects: Reclaimed sites were constructed with 20% north facing slope. 

In the current study, lower NPP was modelled in the upper slope positions compared to 

lower slope positions as described in Section 2.4.6 in Chapter 2, particularly in the 35 

cm and 50 cm covers. Hence the GPP and NPP gains averaged over slope positions in 

reclaimed sites were lower compared to the flat regenerating natural site. Also the north 

facing slope at SBH caused smaller increases in soil temperature particularly under 

warming due to the lower incoming solar radiation (Bonan, 2015). However the effect 

of aspect on plant productivity in the flat natural site was minimal and soil temperature 

increased more than at the reclaimed sites particularly under warming due to increased 
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solar radiation at the ground surface. The greater solar radiation at ground surface in 

natural site may also be attributed to the greater aspen dominance which has greater 

leaf turnover causing greater soil exposure in spring and fall.  

(3) Limited root growth in lower soil layers: Compaction and salinity of mining waste 

under soil covers at SBH limited root growth and thereby plant growth (described in 

Section 2.3.2 in Chapter 2). Also limiting root growth to 25 cm below the overburden 

surface in the current study contributed to lower N and P uptake causing smaller GPP 

and NPP gains with warming climate. 

(4) Competition among plant species: The natural site was aspen-dominant and reclaimed 

sites were mixed-wood forests. Thus competition among PFTs for light, water and 

nutrients might be also attributed to the lower productivity gains in reclaimed sites with 

warming climate. Also greater aspen leaf turn over (1 y-1) increased the aspen litterfall 

in natural site compared to mixed-wood forests in reclaimed landforms. This more 

labile litterfall provided N for subsequent mineralization in modelled natural sites as 

described in Section 4.3.2 in Chapter 4.  

5.4.1.1. Lower nutrient availability in reclaimed landforms vs. regenerating natural site 

determined by soil materials   

Increased soil temperature through warming and greater organic C, N and P concentrations 

in LFH at the natural site increased the microbial activities and hence mineralization, non-

symbiotic N2 fixation, and nutrient uptake (Section 5.2.1.2.2). Thus aspen in natural sites fully 

benefits from the flush of N and P from decomposing LFH under warming. However, the 

modelled lower N mineralization, N uptake and hence lower foliar nutrient concentrations in 

aspen and white spruce indicated that GPP and NPP gains in reclaimed areas vs. natural site were 
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mainly limited by the nutrient availability particularly by P under climate change. Lower P 

availability in reclaimed sites at SBH vs. regenerating natural site was consistent with the field 

observations of Howell et al. (2017) and Dietrich (2018) who found lower P availability in 

reclaimed landforms with PMM vs. recovering natural sites from fire in AOSR, and greenhouse 

experiment of Pinno et al. (2012) who found a lower foliar P concentration in aspen grown on 

PMM (1.5 mg P g C-1) compared to aspen grown on FFM (2.7 mg P g C-1). Also in a laboratory 

incubation, Quideau et al. (2017) found a lower N and P release from PMM vs. FFM used for 

land reclamation due to wider C:P and N:P ratios in PMM than in the FFM. Severe N limitation 

in reclaimed sites under warming climate may be offset by (1) increased wet N deposition 

(Section 4.2.5.4 in Chapter 4) through increasing precipitation occurred concurrently with 

warming (Figure 5.5.a) and (2) increased non-symbiotic N2 fixation under warming due to 

increased N demand, increased microbial biomass (ca. 20% over 100-year warming) and 

activities. However P limitation will not be offset by any environmental input. Thus P 

fertilization may be needed to achieve a productivity gain in reclaimed areas similar to natural 

sites under climate change.  

5.4.1.2. Greater cover depth caused greater NPP under warming climate 

 The greater positive effect of warming and elevated Ca observed in the 100 cm cover vs.  

35 cm and 50 cm covers, was driven by the greater AWHC and total N content in the 100 cm 

cover (Table 5.1). The productivity decline in 35 cm cover through soil drying from increased Ta 

was offset by the increased precipitation and reduced transpiration from elevated Ca that 

accompanied warming. Thus reduced transpiration with rising Ca may reduce the adverse effect 

of low AWHC in shallow covers during drier years. The NPP increase in 100 cm cover (ca. 

22%) after 100 years of gradual warming was consistent with the percentage of NPP increase 
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(ca. 23%) measured by Norby et al. (2005) in FACE experiment using four different forest 

plantations under elevated CO2  (550 μmol mol−1) vs. atmospheric CO2 concentration (376 μmol 

mol−1) without N addition. However, a lower NPP enhancement (ca. 15%) was projected by 

Hickler et al. (2008) for boreal forest under climate change using LPJ-GUESS dynamic 

vegetation model. Thus modelled NPP after 100 years of gradual warming (Figures 5.4b and 

5.5b) indicated that AWHC of 162 mm (similar to that in the 100 cm cover) was sufficient to 

reach these estimated increase of NPP of mature boreal mixed-wood forests (15% - 23%) under 

warming climate. However NPP gains in all of these reclaimed sites were limited by the soil 

nutrients compared to a regenerating natural site as described in the Section 5.4.1. 

 In this study, we assumed that ecosystem disturbances did not occur in the study sites over 

100 years. However, the frequency and intensity of fires (Kasischke et al., 1995), insect outbreak 

(Kurz et al., 1995, 2008; Logan et al., 2003) and diseases are predicted to increase in boreal 

forest under warming. Therefore these uncertainties related to disturbances with warming need 

also to be considered when forecasting long term productivity.  

5.4.2. Greater aspen vs. white spruce growth under warming 

The aboveground carbon biomass gain over the 100 years modelled from white spruce 

growth was greater than that of aspen in 35 cm and 50 cm covers under current climate, because 

white spruce accumulates and retains more leaf area over time as described by Cannell (1982) 

due to lower leaf turnover (ca. 0.25 y-1). Thus lower white spruce vs. aspen growth reduced the 

total aboveground biomass gain over 100 years under warming vs. current climate in 35 cm and 

50 cm covers (Figures 5.7 and 5.8).  

In the model, competition among PFTs for irradiance, water and nutrients was governed by 

vertical profiles of canopy leaf areas [C21a] and root lengths [C21b,c] driven by plant growth so 
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that different rates of C, nutrient and water uptake, transfer and release by each PFT determined 

its growth in the competitive environment (Mekonnen et al., 2018b). Deciduous PFTs were 

modelled with greater specific leaf area (SLA) and less clumping, allowing greater light 

interception, and with greater leaf N content and hence leaf CO2 fixation capacity and gc. 

Deciduous PFTs were also modelled with lower axial resistivity which, with greater gc increased 

water uptake rates relative to conifer PFTs (Grant, 2015; Mekonnen et al., 2018b). Thus a greater 

water uptake rate was modelled and measured in aspen vs. spruce in the reclaimed sites as 

described in Section 2.3.3 in Chapter 2. Deciduous PFTs were also modelled with greater N 

requirements from greater leaf N content and more rapid leaf turnover and hence nutrient loss. 

Thus, faster growth of aspen relative to spruce was modelled with more favourable soil nutrient 

and water status that allowed more rapid N and water uptake in deeper covers and under 

warming. Warming in spring caused earlier leaf out and leaf expansion and later leaf fall 

(Mekonnen et al., 2018b) in aspen, hence more carbon uptake and growth that improved 

competion for resources. However, warming would also cause earlier dehardening and later 

hardening and hence more C uptake in conifers (Mekonnen et al., 2018a). The increased aspen 

vs. white spruce growth under warming in this study (Figures 5.7 and 5.8) was consistent with 

the modelling study of Cortini et al. (2012), who found a greater aspen growth than white spruce 

in mixed-wood forests under warming. In that study they suggested that increased aspen vs. 

spruce growth with increased mean annual temperature (MAT) may be due to either “aspen 

moderating effect on white spruce growth, limiting response of spruce to temperature increases 

due to light limitations or to more aggressive competition of aspen with white spruce for water 

and light under warming”.  
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Rapid aspen vs. white spruce growth modelled in the reclaimed sites during the early 

reclamation period (< 20 years) particularly under warming (Figures 5.7 and 5.8) was consistent 

with observations by Chen and Popadiouk (2002) and Macpherson (2000) of rapid aspen vs. 

white spruce growth during the first 40 years of stand recovery after stand-replacing disturbances 

in boreal mixedwood forests. Even though white spruce growth measured in the field was very 

slow during early development, high productivity could be achieved in later in stand 

development as described by Man and Lieffers (1999) using natural unmanaged forest inventory. 

Thus early aspen dominent stands can be changed into white spruce dominent or co-dominent 

mixedwood forest (Macpherson, 2000) over the reclamation trajectory as modelled in the 35 cm 

and 50 cm reclamation covers (Figures 5.7 and 5.8). These observations corroborated model 

performances on dominant forest development in reclaimed sites under current and warming 

climates. In the current study, the 35 cm cover showed a greater tendency to develop spruce 

dominant forests under both current and warming climate. However, the 50 cm cover showed a 

greater tendency to develop white spruce dominant forest under current climate and mixed-wood 

forest under warming. The 100 cm cover showed a greater tendency to develop mixed-wood 

forest under current climate and aspen dominant forests under warming. These indicated that 

greater water uptake (as described in Section 2.3.3 in Chapter 2) and N uptake (as described in 

Section 4.4.3.1 in Chapter 4) of aspen vs. white spruce affected aspen competition with spruce 

and thereby determined the end stand type on these reclaimed sites. Modelling spruce dominant 

forest in 35 cm cover under current and warming climates indicated that greater nitrogen use 

efficiency in white spruce vs. aspen (as described in Section 4.4.4 in Chapter 4) enabled long 

term NPP and biomass growth in 35 cm cover with lower N mineralization and N availability 

(Table 5.3). 
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5.4.3. Estimating threshold AWHC for reclaimed landforms with saline sodic overburden 

under current climate 

Previous modelling studies (described in Chapters 2, 3 and 4) indicated that AWHC was 

the main factor that controls the NPP in reclaimed sites since increased AWHC increased water 

uptake and transpiration (Chapter 2), reduced salinity effects (Chapter 3), and increased N 

mineralization and N uptake (Chapter 4). Therefore the relationship between AWHC and NPP 

could be used to derive the threshold cover depth for target NPP in reclaimed areas. 

The modelled and measured results for  plant water uptake (Uc), c, and transpiration 

described in Chapter 2, indicated that thicker cover depth store more water and thereby maintain 

greater transpiration related to shallow cover depths particularly during dry years due to greater 

AWHC. The increased transpiration in thicker vs. shallow cover depths during dry and wet years 

(Table 2.4 in Chapter 2) increased CO2 fixation and thereby GPP and NPP (Table 2.5 in Chapter 

2 and Figure 5.2). Some plant growth reduction was modelled with salinity in shallow covers  

during dry years (Figures 3.4 - 3.6 in Chapter 3) but not during wet years, due to reduced 

osmotic water potential within the root zone. Also plant N status improved from increased 

mineralization (Figure 4.1 in Chapter 4 and Table 5.3) due to greater total nitrogen and AWHC 

as described in Chapter 4, increased CO2 fixation in thicker covers (Table 4.3 and Figure 4.4(c) 

in Chapter 4). These processes caused smaller NPP differences to be modelled during wet years 

and greater NPP differences during dry years among hypothetical reclamation covers (Figure 

5.2).  

The strong non-linear relationship between AWHC as determined by the cover depth and 

modelled NPP (Figure 5.2) was derived from the non-linear relationship between AWHC and 

modelled transpiration (Figure 2.13(a)) and a positive linear relationship between modelled 
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transpiration and modelled NPP (Figure 2.13 (b)). The non-linear relationship between AWHC 

and transpiration was attributed to the potential transpiration (~ 250 mm) according to site 

conditions. After water uptake approached potential transpiration i.e. transpiration approaches 

atmospheric demand from D, increase of transpiration with further increase in AWHC was 

minimal. The linear relationship between transpiration and NPP (i.e. WUE) was attributed to the 

concurrent stomatal regulation of transpiration and CO2 uptake [B2a] and hence carboxylation 

[C3].  

The relationship between estimated AWHC and modelled NPP in hypothetical covers 

(Figure 5.2) indicated that the threshold AWHC for 95% of asymptotic NPP in the reclaimed 

sites of this study was 162 mm which was close to that estimated for the 100 cm cover. However 

the relationship between AWHC and cover depth is specific to the cover material; e.g. the PMM 

and subsoil material used in the current study. These modelling results were consistent with the 

findings from Huang et al. (2015) who found a strong non-linear relationship between cover 

depth and transpiration and little incremental increase of transpiration after cover depth exceeded 

100 cm for the SBH site using HYDRUS-1D model. Also other previous field and modelling 

studies conducted on the three reclamation covers at SBH by Shurniak and Barbour (2002), 

Elshorbagy et al., (2007), Kelln et al. (2007), Keshta et al. (2010) and Meiers et al. (2011) have 

found that 100 cm reclamation cover depth was sufficient to provide soil moisture for plant 

growth during warm and dry summers inherent to this sub-humid climatic region. This depth was 

further corroborated by the modelled aboveground carbon biomass in hypothetical covers 

(Figure 5.3) which showed minimal biomass gain with AWHC greater than 162 mm. The 

minimal biomass gain after AWHC reached 162 mm was attributed to the non-linear relationship 

between AWHC and transpiration and linear relationship between transpiration and NPP. 
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The NPP in all the reclamation landforms and natural forest site modelled for 100 years 

under current climate levelled off at about 20-30 years after disturbances as described by Amiro 

et al. (2000) for regenerating forests in Boreal Plains of Alberta following fire, using a data set, 

satellite images and modelling. These modelled trajectories also followed the dynamics of stand-

level NPP described by Kurz et al. (2013) in fire disturbed boreal forests, with NPP levelling off 

after ~30 years from a fire disturbance and remaining steady thereafter. The 100 cm cover 

enabled a long-term average NPP of ~ 400 g C m-2 y-1 to be modelled, similar to that of mature 

boreal mixed-wood forests (Gower et al., 2001; Kimball et al., 2006; Stinson et al., 2011) and to 

the upper limit of NPP in Alberta Boreal plains of ca. 366 ± 88 g C m-2 y-1 estimated by Amiro et 

al. (2000). This modelled NPP was attained earlier in the 100 cm cover than in the 35 cm and 50 

cm covers. However after 25 years, all the covers reached similar NPP during wetter years. 

Reaching full productivity earlier with the 100 cm cover than with the other two covers will be 

important for commercial forestry, which is the most common end land use of reclaimed 

landforms in AOSR (Alberta Environment, 2010). 

5.4.4. Summary 

The non-linear relationship between AWHC as determined by cover depth and modelled 

NPP indicated that effect of AWHC on NPP was minimal after reaching a threshold AWHC 

under SBH site conditions (162 mm for the current study). The plant productivity at the SBH site 

showed negative effects of 35 cm cover depth on plant growth (AWHC = 58 mm for the current 

study), but less negative effects with greater than 50 cm cover depth (AWHC = 82 mm for the 

current study), and minimal effect with greater than 100 cm depth (AWHC = 162 mm for the 

current study). However, the suitable cover depth for reclamation is site-specific and mainly 

depends on the target land use and other factors such as mining waste, reclamation materials, 
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climatic conditions, topography, and PFTs. Even though 100 cm cover reached the most 

productive stage earlier than the other two covers, long term modelling under current climate 

projected that all the reclamation covers have ability to achieve productive forests similar to 

regenerating natural forest, after 25 years of reclamation. However, modelled foliar N and P 

concentrations and lower plant productivity gain in reclaimed sites vs. natural site under warming 

indicated long term N and particularly P limitations in reclaimed landforms constructed with 

PMM. This model finding indicated the requirement of proper P management at SBH to enable 

forest growth to respond to increasing Ca and warming climate. The modelled results also 

showed that aspen became increasingly dominant with increasing cover depth and warming. 

These projections could be changed with ecosystem disturbances such as fire, insect and disease 

outbreaks that have been predicted to increase under warming in boreal forests.  

Collectively, results of this study demonstrate the ability of ecosys to predict the short and 

long-term forest productivity in reclaimed landforms with different cover depths without 

calibrating to a specific site so that ecosys model would be useful for further long-term studies in 

reclaimed areas with a wide range of reclamation materials, compositions, PFTs, and weather 

conditions. 
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Table 5.1. Average estimated available soil water holding capacity (AWHC), soil organic carbon 

(SOC), total N (TN) at the beginning of reclamation and modelled net primary productivity 

(NPP) of planted trees in hypothetical covers after the sites reached over-story crown closure 

(2011 - 2015).  

Cover type AWHC 

(mm) 

SOC  

(Mg C ha-1) 

TN 

(Mg N ha-1) 

NPP 

(g C m-2) 

35 cm 58 265 9.5 334 

50 cm 82 359 12.9 391 

60 cm 98 375 13.7 407 

70 cm 114 392 14.6 424 

80 cm 130 409 15.4 427 

90 cm 146 425 16.2 430 

100 cm 162 443 17.0 444 

120 cm 194 475 18.7 449 

140 cm 226 509 20.3 460 

150 cm 242 525 21.2 468 

1 The AWHC was calculated using field measured FC and PWP values in each horizon of the soil profile on the 

basis of reclamation matterial (CEMA, 2006). SOC organic carbon (TOC) and total nitrogen (TN) were calculated 

using measured TOC and TN percentages in reclamation material of each layer respectively. 
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Table 5.2. Changes in seasonal maximum and minimum air temperatures, and precipitation 

predicted from climate normal (1981 - 2010) vs. (2070 - 2100) under RCP 8.5 climate change 

scenario ensemble projections downscaled and averaged across 15 CMIP5 models (Wang et al., 

2016), and extracted from a corresponding grid cell within which the SBH site is located. 

Atmospheric carbon dioxide concentration (Ca) changes were derived from Meinshausen et al. 

(2011). 

 

Season 

Changes from current 

value 

(0C) 

Ratio to current 

value 

(Multiplier) 

Ratio to current 

value 

(Multiplier) 

Max. Temp Min. Temp Precipitation Atmospheric CO2 

concentration 

Winter 4.5 6.8 1.4 1.9 

Spring 4.9 5.3 1.3 1.9 

Summer 5.3 5.4 1 1.9 

Autumn/Fall 5.2 5.6 1.2 1.9 
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Table 5.3. Modelled nitrogen (N) mineralization, tree N uptake and foliar total N and 

phosphorous concentrations of aspen and white spruce in reclaimed covers (35 cm, 50 cm and 

100 cm) and a regenerating natural site with a 17-year recurring sequence of weather data (i.e. 

same weather as in 2013) under current (B= benchmark) and warming climate (CC) over 100 

years.  

Year Cover type 

35 cm 

B 

35 cm  

CC 

50 cm 

B 

50 cm 

CC 

100 cm  

B 

100 cm 

CC 

Natural 

B 

Natural 

CC 

N mineralization (g N m-2 y-1) 

2013 3.2 3.2 3.3 3.3 3.5 3.5 4.4 4.7 

2031 2.0 2.1 2.2 2.4 2.3 2.4 5.7 6.3 

2048 2.0 2.3 2.3 2.7 2.4 2.7 5.8 6.7 

2065 2.1 2.4 2.3 2.9 2.5 3.0 6.4 7.6 

2082 2.2 2.5 2.5 3.2 2.7 3.3 6.1 8.6 

2099 2.4 2.8 2.6 3.5 2.7 3.6 6.3 9.7 

N uptake  (g N m-2 y-1) 

2013 3.7 3.8 3.9 3.9 4.3 4.3 1.2 1.4 

2031 1.9 2.1 2.1 2.4 2.3 2.8 4.7 5.3 

2048 1.8 2.2 2.1 2.2 2.3 3.0 5.1 5.8 

2065 1.8 2.3 2.1 2.9 2.4 3.0 5.6 6.8 

2082 1.9 2.5 2.1 3.1 2.4 3.2 5.6 7.9 

2099 1.9 2.6 2.2 3.4 2.5 3.7 5.8 9.1 

Aspen foliar  total (structural + non-structural) N  concentration (mg N g C-1)* 

2013 40 38 40 38 40 38 33 32 

2031 30 27 28 26 28 26 45 42 

2048 32 29 32 27 28 26 45 41 

2065 31 28 32 26 28 25 45 39 

2082 31 28 31 26 28 25 43 40 

2099 31 29 31 25 28 24 43 35 

Aspen foliar  total (structural + non-structural) P  concentration (mg P g C-1)* 

2013 4.9 4.8 4.8 4.5 4.7 4.4 7.8 7.9 

2031 3.8 3.2 3.8 3.3 3.7 3.2 8.9 8.5 

2048 3.9 3.2 4.1 3.0 3.5 2.8 9.4 8.0 

2065 3.9 3.0 4.3 3.0 3.5 2.7 9.9 7.8 

2082 3.9 3.0 4.4 3.0 3.6 2.7 8.9 8.8 

2099 4.1 3.2 4.4 2.9 3.9 2.6 8.4 10 

White spruce foliar  (structural + non-structural) N concentration (mg N g C-1)* 

2013 25 23 24 23 24 23 13 13 

2031 16 15 17 17 18 17 24 21 

2048 16 15 16 16 18 16 29 26 

2065 16 15 16 15 17 16 29 25 

2082 16 14 16 15 17 15 28 25 

2099 15 14 16 14 17 14 28 24 

White spruce foliar  (structural + non-structural) P concentration (mg P g C-1)* 

2013 3.1 3.0 3.0 2.8 2.7 2.6 2.9 3.0 

2031 1.7 1.6 1.9 1.9 2.0 1.8 5.7 5.5 

2048 1.7 1.6 1.8 1.8 2.0 1.7 6.7 5.6 

2065 1.7 1.6 1.8 1.7 2.0 1.7 7.4 5.0 

2082 1.7 1.5 1.9 1.7 2.0 1.6 6.4 5.7 

2099 1.8 1.5 1.9 1.6 2.0 1.6 5.6 6.6 
* Modelled foliar N or P concentrations in July of each year.   
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Figure 5.1. Schematic diagram of hypothetical soil covers. The thickness of PMM layer was set 

to 20 cm for all the covers except 35 cm cover and subsoil depths were changed to get different 

hypothetical cover depths. 
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Figure 5.2. The relationship between available soil water holding capacity (AWHC) and 

modelled net primary productivity (NPP) of planted trees in dry (2011, red), wet (2012 and 2013, 

green) and intermediate years (2014 and 2015, brown) in different hypothetical covers after 

planted trees had reached the over-story crown closure under current climate. Dash pink line 

represents the average modelled NPP changes with estimated AWHC for the 2011- 2015 period.  
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Figure 5.3. Modelled total tree aboveground carbon biomass since site construction averaged 

over slope positions in 58 mm (red), 162 mm (blue), 194 mm (green) and 242 mm (brown) 

AWHC that are determined by cover depths of 35 cm, 100 cm, 120 cm and 150 cm respectively. 
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Figure 5.4. (a) Annual precipitation and mean annual air temperature (MAT) modelled from 

repeated sequences of 1999 - 2016 weather data over 100 years and modelled long-term tree (b) 

NPP and (c) GPP in regenerating natural site (green) (2003 - 2099) and averaged over slope 

positions in 35 cm (red), 50 cm (black), 100 cm (blue) covers (1999 – 2099) under current 

climate. Verticle dash lines represent the repeated sequences of weather data. 
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Figure 5.5. (a) Changes in mean annual air temperature (MAT) and changes in annual 

precipitation from those in Fig. 5.4a modelled from repeated sequences of 1999-2016 weather 

data with RCP 8.5 climate scenario ensemble projections over 100 years and modelled long-term 

changes in planted tree (b) NPP and (c) GPP in regenerating natural site (green) (2003 - 2099) 

and averaged over slope positions in 35 cm (red), 50 cm (black), 100 cm (blue) covers (1999 - 

2099) under warming. Verticle dash lines represent the repeated sequences of weather data and 

horizontal pink dash line represent zero change of productivity. 
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Figure 5.6. Modelled cumulative aboveground carbon biomass in regenerating natural site 

(green) and averaged over slope positions in 35 cm (red), 50 cm (black) and 100 cm (blue) 

covers (a) under current and (b) gradual warming climate. 
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Figure 5.7. Modelled NPP of aspen (green) and white spruce (pink) averaged over slope 

positions in 35 cm, 50 cm and 100 cm covers under current and gradual warming climate. 
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Figure 5.8. Modelled cumulative aboveground carbon biomass of aspen (green) and white spruce 

(pink) averaged over slope positions in 35 cm, 50 cm and 100 cm covers under current and 

gradual warming climate. 
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Chapter 6 

Chapter Summaries and Conclusions 

6.1. Chapter summaries 

In the current study, a process based ecosystem model, ecosys was used to forecast short 

and long-term effects of reclamation cover depth on soil moisture, salinity, nitrogen (N) 

availability and thereby plant productivity in different reclamation covers. Model hypotheses for 

depth effects on plant water uptake, solute concentration in root zones, N mineralization and 

hence plant productivity were tested with three different reclamation covers (35 cm, 50 cm and 

100 cm) at a 17-year-old forest reclamation site on an overburden dump constructed with saline 

sodic overburden material, capped with a cover soil, and planted with trembling aspen and white 

spruce at the Syncrude Mildred Lake mine site in northern Alberta (Canada). The changes in soil 

moisture, rooting depth, tree water-use, salt concentrations, soil and foliar N concentrations and 

aboveground tree biomass modelled with soil cover depth followed the same trends as those of 

independent measurements. The key findings of each study are summarized below. However, the 

relationships developed during each study are specific to the PMM and mineral subsoil materials 

used in this study, and would change with a different capping material (e.g., LFH). Also the 

suitable cover depth for reclamation is site specific and mainly depends on end land use and 

other factors such as quality of mining waste and reclamation materials, climatic conditions, 

topography, and PFTs. 
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Chapter 2: Modelling hydrological characteristics and plant water-use efficiency as affected by 

soil cover depth in reclaimed forestlands of Northern Alberta 

(i) Increases in , tree water uptake and hence CO2 fixation, and tree growth from 35 

cm and 50 cm covers to 100 cm cover were attributed to increases in available soil 

water holding capacity (AWHC) with cover depth. Greater tree water uptake in 100 

cm vs. other two covers was further enabled by the modelled deeper root system 

that was corroborated by deeper measurements of root mass density.  

(ii) The cover depth effect on transpiration was tested against the field measured aspen 

and white spruce sap flow in 35 cm and 100 cm covers, which showed a significant 

(p < 0.001) relationship (R2 > 0.5) with modelled tree water uptake/transpiration.  

(iii) The model clearly simulated less plant water uptake and productivity particularly in 

upper slope positions during drier years which were consistent with the field 

observations. 

(iv) Since transpiration increased non-linearly with AWHC, increases in cover depth 

and hence in AWHC will have little effect on transpiration beyond the depth at 

which the maximum transpiration is approached. Because NPP increased linearly 

with transpiration, the relation between transpiration and AWHC indicates the 

importance of optimizing AWHC to achieve target NPP for the reclaimed sites.  

Chapter 3: Modelling salt redistribution as affected by cover depths and topography in reclaimed 

saline-sodic overburden upland forests of Northern Alberta 

(i) The modelled results suggested that the upward salt diffusion from overburden to 

cover soil was influenced by the cover depth and soil water content. 
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(ii)  Some plant growth reduction was modelled with salinity from upward salt diffusion 

into shallow covers during dry years. However a clear relationship between root zone 

salt concentrations and biomass growth was not apparent in the model results.  

(iii) Upward salt diffusion into the covers equilibrated with salt removal from the covers 

through convection with downslope water movement over time, maintaining stable 

salt concentrations in the root zone. This equilibration indicated that long term plant 

growth in the covers may not be affected by the salinity in the overburden. 

(iv) A clear steady topographical effect was not found for salinity in the reclamation 

covers during the study period. However, salt removal and consequent discharge 

with downslope water flow from the covers indicated a risk of salinization in 

downslope areas.  

Chapter 4: Modelling nitrogen mineralization and plant nitrogen uptake as affected by soil cover 

depth in reclaimed upland forestlands of Northern Alberta 

(i) Greater profile net N mineralization and N uptake were modelled in the 100 cm 

cover vs. the 35 cm and 50 cm covers particularly during dry and intermediate years. 

(ii) The θ greatly influenced the net N mineralization in each cover over the reclamation 

period. However, modelled net N mineralization rates relative to TN decreased with 

increasing cover depth and hence TN due to reduced microbial activities from lower 

temperature and O2 concentrations in deeper soil.  

(iii) Modelled and measured foliar N concentrations did not vary with cover depth. 

However lower N uptake modelled in shallow covers caused lower NPP, 

particularly in wet years during which water stress or salinity effects were not 

apparent.  
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(iv) Modelled NPP increased linearly with N uptake from the three reclamation covers 

(Figure 4.4(c)). However a non-linear relationship was modelled between TN and N 

mineralization that drove tree N uptake from the covers (Figure 4.3(b)). This 

relationship indicated that increasing cover depth and hence TN beyond that at 

which maximum N uptake is approached will have little effect on NPP. 

(v) Nitrogen deficiency in all the covers for aspen and white spruce growth was evident 

by the modelled and measured foliar N concentrations.  

(vi) The 100 cm cover showed greater foliar production and thereby greater litterfall 

and N return to soil than in the 35 cm and 50 cm covers ensuring earlier 

establishment of N cycling in the 100 cm cover similar to that in natural sites 

recovering after severe fire disturbances.  

Chapter 5: Modelling long-term effects of reclamation cover depth on forest regeneration in 

reclaimed landscapes in Northern Alberta under current and future climates 

(i) The non-linear relationship between AWHC as determined by cover depth and 

modelled NPP indicated that effect of AWHC on NPP was minimal after reaching a 

threshold AWHC at SBH (162 mm for the current study).  

(ii) Even though the 100 cm cover reached full productivity earlier than did the other 

two covers, long term modelling under current climate projected that all the 

reclamation covers would achieve productivity similar to thst of a regenerating 

natural forest after 25 years of reclamation.  

(iii) Lower NPP gains modelled in reclaimed sites vs. natural site under a warming 

climate were attributed to long term nutrient limitations, particularly P, in reclaimed 

covers.  
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(iv) These projections could be changed with ecosystem disturbances such as drought, 

fire, insect and disease outbreaks that have been predicted to increase under 

warming in boreal forests.  

6.2. Model uncertainties due to uncertainties in model inputs 

The current modelling study included a few assumed model inputs that might have caused 

uncertainties in modelled results. These sources of potential uncertainties are discussed below. 

(1) Rooting depth: Soil resistance equations used in the model for root growth in crops (Da 

Silva and Kay,1997; Chen and Weil, 2011) did not limit root penetration into modelled 

overburden as much as was observed in the field due to different soil characteristics in 

overburden vs. natural soil profiles. Following root assessment in the field as conducted 

in 2013, maximum rooting depth of each cover was forced to be limited to 25 cm 

below the cover-overburden interface. However, the forced maximum root depth was 

based on empirical evidence from only one year of study and hence may still be 

uncertain. Moreover, limiting the maximum root depth also prevented additional root 

development to be modelled into the overburden with time, which limited the long-

term uptake of water and nutrient from overburden. The greater modelled vs. measured 

soil moisture content at 42 cm depth (Figure 2.2a in Chapter 2) and consequent 

underestimation of water uptake in Figure 2.6b,d suggest that there may have been 

more plant water uptake from the overburden in 35 cm cover than was modelled 

particularly during dry period. However, water uptake modelled in the 100 cm cover 

was not underestimated (Figure 2.6c,e) particularly during dry period, even with the 

same limitation to water uptake from the overburden. Therefore vegetation in the 100 

cm cover indicated minimal or no water use from the overburden. This further suggests 
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that plants in shallow covers have ability to draw more water from the overburden than 

was modelled, particularly during dry years.  

(2) Soil properties: Measured soil properties such as bulk density, volumetric water 

contents at field capacity (θFC) and permanent wilting point (θPWP), and organic C and 

N concentrations in the PMM and subsoil varied among the three covers. However 

average values were used for each material in all reclamation covers so that modelled 

differences in soil and plant water, nutrient status and in plant growth could be 

attributed only to the capping depth. The use of average θFC and θPWP for each material 

in all reclamation covers may have contributed to RMSD in soil moisture as described 

in section 2.3.1 in Chapter 2.  

The average θFC and θPWP of PMM and subsoil derived from field measurements 

with TDR probes were lower than those measured in the lab (Huang et al., 2015, Figure 

2). This caused a lower AWHC in the field than was estimated from measured values 

in the lab. This difference was described by Huang et al. (2015a) using the dual-

porosity characteristics of the reclamation materials and van Genuchten model (VGM) 

considering water flow in micropores (immobile) and macropores (mobile). However 

the use of the modified Campbell method in ecosys to model soil moisture retention 

with this lower AWHC may also have contributed to the variation between modelled 

and measured θ as indicated in Figures 2.2 and 2.3 in Chapter 2 and hence RMSD in 

soil moisture of each reclamation cover. 

(3) Nutrient availability: Detailed in-situ nutrient assessments were not conducted in the 

different reclamation covers, particularly for P. Thus, the N:P ratio in subsoil and 

overburden was assumed as 10:1. This ratio affected the relative limitations to plant 
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growth imposed by N and P in the model. Lack of measured soil and vegetation N and 

P data also limited the validation of modelled nutrient outputs.  

6.3. Implications for land reclamation 

In ecosys, the effect of cover depth on short and long-term water availability and 

movement, plant water relations, salinity in the rooting zone, net N mineralization, N uptake and 

hence biomass production were modelled from basic soil-plant-atmosphere hydrological 

processes, the parameters of which were derived from basic research conducted independently 

from the current study and so remained unchanged from those used in earlier studies as stated in 

the supplement. Model findings should therefore be robust. Also the results of this study 

demonstrated the ability of ecosys to predict the cover depth required to achieve target NPP in 

reclaimed upland areas as determined by site conditions, cover compositionand end land use 

without calibrating to a specific site. Therefore ecosys would be useful for further studies in 

reclaimed areas with a wide range of reclamation materials and depths, compositions, PFTs, 

weather and management conditions. Model findings established the requirements for 

reclamation success in recovering target NPP according to the end land-use or ecosite by 

quantifying: 

(i) Sufficient cover depth to achieve threshold AWHC to avoid water stress and salt 

stress during dry years, and to facilitate N mineralization and N cycling, thereby 

reducing N limitation for plant growth. 

(ii) How cover depth influences the growth of different plant functional types. 

(iii) How water movement down artificial slopes affects NPP. 

(iv) Long term salinity effects on forestland productivity. 
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(v) How to ensure appropriate reclamation cover depth over steep SSOB lands to 

prevent salinization of surrounding lands and to prevent osmotic stress particularly 

in early reclamation period. 

(vi) Contribution of legumes to N mineralization in reclaimed sites. Also how P 

fertilization might avoid P limitation to plant growth, particularly under warming 

climate. 

6.4. Concluding remarks 

The model outputs in the current study were closely aligned with results from other 

independent modelling and field studies conducted at SBH, providing more confidence for the 

findings of these studies. Also this study demonstrated the potential of ecosys for assessing short 

and long-term plant productivity in oil sands reclamation covers. In addition, the study has 

provided detailed descriptions for processes and field measurements in reclaimed covers using 

basic fundamental theories, and an integrated assessment of water, salinity, nutrient and carbon 

cycling, and their interactions, for different reclamation cover depths constructed on a reclaimed 

landform. Long-term modelling with a RCP 8.5 climate change scenario indicated that nutrients 

particularly phosphorous would limit the plant growth in reclaimed areas compared to that in 

regenerating natural sites, which has not been examined through previous modelling or field 

studies. Therefore this study indicated that ecosys is a useful tool for oil sands operators and 

regulators in conducting integrated assessments of water, salinity, nutrients and their interactions, 

and thereby forecasting land capability for reclamation soil covers of different depths under 

different climatic conditions particularly under climate change. Collectively, findings of this 

study and ecosys are helpful to assess long-term reclamation cover designs and strategies in the 

future. 
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Supplementary Material 

Appendix A: Microbial C, N and P Transformations 

Decomposition 

DSi,j,l,C = DSi,j,l,C  Mi,d,l,C   ftgl  (Si,l,C / Gi,l,C ) 

 

DZi,j,l,C = DZi,j,l,C  Mi,d,l,C  ftgl  (Zi,l,C / Gi,l,C ) 

 

DAi,l,C = DAi,l,C  Mi,d,l,C  ftgl  (Ai,l,C / Gi,l,C ) 

 

decomposition of litter, 

POC, humus 

decomposition of 

microbial residues 

decomposition of 

adsorbed SOC 

[A1a] 

 

[A1b] 

 

[A1c] 

Si,l,C = Σj Si,j,l,C 

 

Zi,l,C = Σj Zi,j,l,C 

 

Gi,l,C = Si,l,C + Zi,l,C + Ai,l,C 

total C in all kinetic 

components of litter, 

POC, humus 

total C in all kinetic 

components of microbial 

residues 

total C in substrate-

microbe complexes 

[A2a] 

 

[A2b] 

 

[A2c] 

Mi,d,l,C  = Mi,a,l,C  +  qm (Mi,a,l,C  Gix,l,C Mix,a,l,C  Gi,l,C) / (Gix,l,C  +  Gi,l,C) 

 

Mi,a,l,C = Σn Mi,n,a,l,C    

redistribution of active 

microbial biomass 

populations from each 

substrate-microbe 

complex i to other 

substrate-microbe 

complexes ix  according 

to concentration 

differences (priming)   

[A3a] 

 

[A3b] 

DSi,j,l,C = {DSj,C [Si,j,l,C]} / {[Si,j,l,C]  +  KmD (1.0 + [ΣMi,d,l,C] / KiD)} 

 

DZi,j,l,C = {DZj,C [Zi,j,l,C]} / {[Zi,j,l,C] + KmD (1.0 + [Mi,d,l,C] / KiD)} 

 

DAi,l,C = {DA,C [Ai,l,C]} / {[Ai,l,C] + KmD (1.0 + [Mi,d,l,C] / KiD)} 

 

substrate and water 

constraint on D from 

colonized litter, POC and 

humus,  microbial 

residues and adsorbed 

SOC 

[A4a] 

 

[A4b] 

 

[A4c] 

Si,j,k,l,C /t =   Σn (Ui,n,lC Rhi,n,l ) (S'i,j,k,l,C / S'i,j,l,C) {(S'i,j,l,C / Si,j,l,C) / ( S'i,j,l,C / 

Si,j,l ,C + KiS)} 

colonized litter increases 

with microbial growth 

into uncolonized litter  

[A5] 

ftgl = Tsl {e[B  Ha / (R Tsl)]} / {1 + e[(Hdl  STsl) / ( R Tsl)] + e[(STsl  Hdh) / ( R Tsl)]} Arrhenius function for D 

and Rh 

[A6] 

DSi,j,l,N,P = DSi,j,l,C (Si,j,l,N,P / Si,j,l,C) 

 

DZi,j,l,N,P = DZi,j,l,C (Zi,j,l,N,P / Zi,j,l,C) 

 

DAi,l,N,P = DAi,l,C (Ai,l,N,P / Ai,l,C) 

 

decomposition of N and P 

are driven by that of C in 

litter, POC, humus, 

microbial residues 

and adsorbed SOC 

[A7a] 

 

[A7b] 

 

[A7c] 

Yi,l,C = kts (Gi,l,C Fs [Qi,l,C]b  Vi,l,C) Freundlich sorption of 

DOC 

[A8] 

Yi,l,N,P = Yi,l,C (Qi,l,N,P / Qi,l,C) (Yi,l,C > 0) adsorption 

of DON, 

DOP 

[A9] 
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Yi,l,N,P = Yi,l,C (Vi,l,N,P / Vi,l,C) (Yi,l,C < 0) desorption 

of DON, 

DOP 

[A10] 

Microbial Growth 

Rh = Σi Σ n Σ l Rhi,n,l total heterotrophic 

respiration 

[A11] 

Rhi,n,l = Rhn  min{CNi,n,l,a / CNj, CPi,n,l,a / CPj} Rh constrained by 

microbial N, P 

[A12] 

Rhi,n,l = Mi,n,a,l,C {Rhi,n,l [Qi,l,C]} / {(KmQC + [Qi,l,C])} ftgl   fgl Rh constrained by 

substrate DOC, Ts and  

[A13] 

Rhi,n,l = Rhi,n,l  (UO2i,n,l / UO2i,n,l) Rh constrained by O2 [A14] 

fgle(s l) s constraints on 

microbial growth 

[A15] 

UO2i,n,l = 2.67 Rhi,n,l O2 demand driven by 

potential Rh 

[A16] 

UO2i,n,l = UO2i,n,l [O2mi,n,l] / ([O2mi,n,l] + KO2) 

 

          = 4 n Mi,n,a,l,C DsO2l [rm rwl / (rwl  rm)]([O2sl] [O2mi,n,l] 

active uptake coupled 

with radial diffusion of 

O2 

[A17a] 

 

[A17b] 

Rmi,n,j,l = Rm Mi,n,j,l,N  ftml maintenanace respiration [A18] 

ftml = e[y (Tsl  298.16)] temperature sensitivity of 

Rm 

[A19] 

Rgi,n,l = Rhi,n,l  Σ j Rmi,n,j,l growth respiration [A20] 

Ui,n,lC  = min (Rhi,n,l , Σ j Rmi,n,j,l) + Rgi,n,l (1 + Gx / Em)  DOC uptake driven by Rg [A21] 

Ui,n,lN,P = Ui,n,l Qi,l,N,P / Qi,l,C DON, DOP uptake driven 

by Ui,n,lC   

[A22] 

DMi,n,j,l,C= DMi,j Mi,n,j,C  (1.0- (XCmn + (XCmx – XCmn)  fCi,n,j,l )) 

 

DMi,n,j,N,P = DMi,j Mi,n,j,l,N,P  (1.0 – XN,P  fN,Pi,n,j,l ) 

 

 fCi,n,j,l = min{Mi,n,n,l,N /(Mi,n,n,l,N  + Mi,n,n,l,C  KN), Mi,n,n,l,P  + Mi,n,n,l,C  KP} 

(1.0 - [Qi,l,C]/(KmQC + [Qi,l,C]) 

 

fN,Pi,n,j,l = Mi,n,n,l,C  /(Mi,n,n,l,C  + Mi,n,n,l,N,P /KN,P) 

decay of microbial C less 

internal recycling 

decay of microbial N, P 

less internal recycling 

internal C,N,P recycling 

determined by 

nonstructural C,N,P ratios 

and by substrate 

concentration 

[A23a] 

 

[A23b] 

 

[A24a] 

 

[A24b] 

 

Mi,n,j,l,C / t = Fj Ui,n,lC Fj Rhi,n,l  DMi,n,j,l,C 

 

Mi,n,j,l,C / t = Fj Ui,n,lC Rmi,n,j,l  DMi,n,j,l,C 

[Rhi,n,l > 

Rmi,n,j,l] 

 

[Rhi,n,l < 

Rmi,n,j,l] 

microbial 

growth 

microbial 

senescence 

[A25a] 

 

[A25b] 

Microbial Nutrient Exchange 
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UNH4i,n,j,l = (Mi,n,j,l,C  CNj  Mi,n,j,l,N)   

                                                  

UNH4i,n,j,l = min {(Mi,n,j,l,C  CNj  Mi,n,j,l,N),  

                     U’NH4 ai,n,j,l ([NH4


i,n,j,l] – [NH4


mn]) / ([NH4


i,n,j,l] – [NH4


mn] 

+ KNH4)} 

 

UNO3i,n,j,l = min {(Mi,n,j,l,C 
 CNj  (Mi,n,j,l,N  + UNH4i,n,j,l)) , 

                    U’NO3 ai,n,j,l ([NO3


i,n,j,l] – [NO3


mn]) / ([NO3


i,n,j,l] – [NO3


mn] 

+ KNO3)} 

UNH4
 < 0 

 

UNH4
 > 0 

 

 

UNO3
 > 0 

net 

mineraliza

tion 

net 

immobiliz

ation 

 

net 

immobiliz

ation 

[A26a] 

 

[A26b] 

 

 

[A26c] 

UPO4i,n,j,l = (Mi,n,j,l,C  CPj  Mi,n,j,l,P)      

                                               

UPO4i,n,j,l =min {(Mi,n,j,l,C  CPj - Mi,n,j,l,P),  

                     U’PO4 A i,n,j,l ([H2PO4


i,n,j,l] – [H2PO4


mn]) / ([H2PO4


i,n,j,l] – [ 

H2PO4


mn] + KPO4)} 

UPO4
 < 0 

 

UPO4 
>0 

net 

mineraliza

tion 

net 

immobiliz

ation 

[A26d] 

 

[A26e] 

i,n=f,j,l = max {0, Mi,n=f,j,l,C CNj  Mi,n=f,j,l,N  max{0, Ui,n=f,j,l,N}} N2 fixation driven by N 

deficit of diazotrophic 

population 

[A27] 

Ri,n=f,j,l E 
i,n=f,j,l respiration needed to 

drive N2 fixation 

[A28] 

Mi,n,j,l,N / t = Fj Ui,n,l,N + UNH4i,n,j,l 
+ UNO3i,n,j,l

 + i,n=f,j,l  DMi,n,j,l,N 

 

Mi,n,j,l,P / t = FjUi,n,l,P + UPO4i,n,j,l
  DMi,n,j,l,P 

 

growth vs. losses of 

microbial N, P  

[A29a] 

 

[A29b] 

Mi,n,a,l,C = Mi,n,j=labile,l,C + Mi,n,j=resistant,l,C Fr / Fl active microbial biomass 

calculated from labile 

fraction 

[A30a] 

 

Humification  

HSi,j=lignin,l,C = DSi,j=lignin,l,C decomposition products 

of litter substrate added to 

POC depending on lignin 

[A31] 

HSi,j=lignin,l,N,P = DSi,j=lignin,l,N,P [A32] 

HSi,jlignin,l,C = HSi,j=lignin,l,C Lhj [A33] 

HSi,jlignin,l,N,P = HSi,jlignin,l,C  Si,l,N,P / Si,l,C [A34] 

HMi,n,j,l,C = DMi,n,j,l,C  Fh fraction of microbial 

decay products added to 

humus  

[A35] 

HMi,n,j,l,N,P = HMi,n,j,l,C  Mi,n,j,l,N,P / Mi,n,j,l,C [A36] 

 Fh = 0.167 + 0.167 Fclay + 0.167 x 10-6 Gi,l,C fraction of DM added to 

humus depends on clay 

and SOC 

[A37] 

HZi,n,j,l,C = DMi,n,j,l,C  - HMi,n,j,l,C remainder of microbial 

decay products added to 

microbial residues 

[A38] 

HZi,n,j,l,N,P = DMi,n,j,l,N,P  - HMi,n,j,l,N,P [A39] 
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Definition of Variables in Appendix A 

Variable Definition Unit Equation Value Reference 

subscripts 

i substrate-microbe complex: coarse woody 

litter, fine non-woody litter, POC, humus 

    

j kinetic component: labile l, resistant r, 

active a, nonstructural n 

    

l soil or litter layer     

n microbial functional type: heterotrophic 

(bacteria, fungi), autotrophic (nitrifiers, 

methanotrophs), diazotrophic, obligate 

aerobe, facultative anaerobes (denitrifiers), 

obligate anaerobes (methanogens)  

    

variables 

      

Ai,l,C mass of adsorbed SOC g C m2 [A1c,A2c]   

[Ai,l,C] concentration of adsorbed SOC in soil g C Mg1 [A4c]   

a microbial surface area m2 m-2 [A26]   

B parameter such that ftg = 1.0 at Tl = 298.15 

K 

 [A6] 26.235  

b Freundlich exponent for sorption isotherm  [A8] 0.85 Grant et al. 

(1993a,b) 

 specific colonization rate of uncolonized 

substrate 

-  [A5] 2.5 Grant et al. 

(2010) 

CN,Pi,n,a,l ratio of Mi,n,a,N,P to Mi,n,a,C g N or P g 

C1 

[A12]   

CN,Pj maximum ratio of Mi,n,j,N,P to Mi,n,j,C 

maintained by Mi,n,j,C 

g N or P g 

C1 

[A12,A26,A

27] 

0.22 and 

0.13 (N), 

0.022 and 

0.013 (P) 

for j = labile 

and  

resistant, 

respectively 

Grant et al. 

(1993a,b) 

DAi,l,C decomposition rate of Ai,l,C by Mi,d,l,C  

producing Q in [A13] 

g C m2 h1 [A1c,A7c,A

31c] 

  

DAj,C specific decomposition rate of Ai,l,C by 

Mi,d,l,C at 25°C and saturating[Ai,l,C] 

g C g C1 

h1 

[A4c] 0.025  Grant et al. 

(1993a,b) 

DAi,j, l,N,P decomposition rate of Ai,l,N,P by Mi,d,l,C g N or P m2 

h1 

[A7c]   

DAi,j, l,C specific decomposition rate of Si,j,l,C by 

ΣnMi,n,a,l  at 25°C 

g C g C1 

h1 

[A1a,A4c]   
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DMi,j specific decomposition rate of Mi,n,j at 30°C g C g C1 

h1 

[A23a,b] 2.0 x 10-3 

and 1.0 x 

10-4 for j = 

labile and 

resistant, 

respectively 

Grant et al. 

(1993a,b) 

DMi,n,j,l,C decomposition rate of Mi,n,j,l,C g C m2 h1 [A23a,A25,

A35,A38] 

  

DMi,n,j,l,N,P decomposition rate of Mi,n,j,l,N,P g N or P m2 

h1 

[A23b,A29,

A39] 

  

DSi,j,l,C decomposition rate of Si,j,l,C by ΣnMi,n,a,l  

producing Q in [A13] 

g C m2 h1 [A1a,A7a,A

31a] 

  

DSj,C specific decomposition rate of Si,j,l,C by 

ΣnMi,n,a,l  at 25°C and saturating [Si,l,C] 

g C g C1 

h1 

[A4a] 1.0, 1.0, 

0.15, and 

0.025 for j = 

protein, 

carbohydrat

e, cellulose, 

and lignin, 

0.009 for 

POC, and 

0.009 and 

0.003 for 

active and 

passive 

humus. 

Grant et al. 

(1993a,b) 

DSi,j, l,N,P decomposition rate of Si,j,l,N,P by ΣnMi,n,a,l   g N or P m2 

h1 

[A7a, A32]   

DSi,j, l,C 

 

specific decomposition rate of Si,j,l,C by 

ΣnMi,n,a,l  at 25°C 

g C g C1 

h1 

[A1a,A4a] 

 

  

DsO2l aqueous dispersivity–diffusivity of O2 

during microbial uptake in soil 

m2 h-1 [A17]   

DZi,j,l,C decomposition rate of Zi,j,l,C by ΣnMi,n,a,l  

producing Q in [A13] 

g C m2 h1 [A1b,A7b]   

DZi,j,N,P decomposition rate of Zi,j,l,N,P by ΣnMi,n,a,l g N or P m2 

h1 

[A7b]   

DZj,C specific decomposition rate of Zi,j,l,C by 

ΣnMi,n,a,l  at 25°C and saturating[Zi,l,C] 

g C g C1 

h1 

[A4b] 0.25 and 

0.05 for j = 

labile and 

resistant 

biomass 

Grant et al. 

(1993a,b) 

DZi,j,l,C specific decomposition rate of Zi,j,l,C by 

ΣnMi,n,a,l  at 25°C 

g C g C1 

h1 

[A1b,A4b]   

Gx energy yield of C oxidation with different 

reductants x 

kJ g C1 [A21] 37.5 (x = 

O2), 4.43 (x 

= DOC) 

 

Em energy requirement for growth of Mi,n,a,l   kJ g C1 [A21] 25  

E energy requirement for non-symbiotic N2 

fixation by heterotrophic diazotrophs (n = f) 

g C g N-1 [A28] 5 Waring and 

Running 

(1998) 

Fclay fraction of mineral soil as clay Mg Mg-1 [A37]   
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Fh fraction of products from microbial 

decomposition that are humified (function 

of clay content) 

 [A35, A37]  Sørenson 

(1981) 

Fl fraction of microbial growth allocated to 

labile component Mi,n,l 

 [A25,A29,A

30] 

0.55 Grant et al. 

(1993a,b) 

Fr fraction of microbial growth allocated to 

resistant component Mi,n,r 

 [A25,A29,A

30] 

0.45 Grant et al. 

(1993a,b) 

Fs equilibrium ratio between Qi,l,C and Hi,l,C  [A8]   

fCi,n,j,l  fraction of C recycled to nonstructural pool 

during decomposition 

- [A23a,A24a

] 
  

fN,Pi,n,j,l fraction of N or P recycled to nonstructural 

pool during decomposition 

- [A23b,A24b

] 
  

ftgl temperature function for microbial growth 

respiration 

dimensionle

ss 

[A1,A6,A13

] 

  

ftml temperature function for maintenance 

respiration 

dimensionle

ss 

[A18,A19]   

fgl soil water potential function for microbial, 

root or mycorrhizal growth respiration   

dimensionle

ss 

[A13,A15]  Pirt (1975) 

i,n=f,j,l non-symbiotic N2 fixation by heterotrophic 

diazotrophs (n = f) 

g N m-2 h-1 [A27,A28,A

29] 

  

Gi,l,C total C in substrate-microbe complex g C Mg1 [A1,A2c,A3

a,A8,A37] 

  

[H2PO4
] concentration of H2PO4

 in soil solution g P m3 [A26]   

Ha energy of activation J mol1 [A6,C10] 65 x 103 Addiscott 

(1983) 

Hdh energy of high temperature deactivation J mol1 [A6,C10] 225 x 103  

Hdl energy of low temperature deactivation J mol1 [A6,C10] 195 x 103  

HMi,n,j,l,C transfer of microbial C decomposition 

products to humus 

g C m m2 

h1 

[A35,A36,A

38] 

  

HMi,n,j,l,N,P transfer of microbial N or P decomposition 

products to humus 

g N or P m2 

h1 

[A36,A39]   

HSi,j,l,C transfer of C hydrolysis products to 

particulate OM 

g C m2 h1 [A31,A32,A

33, A34] 

  

HSi,j,l,N,P transfer of N or P hydrolysis products to 

particulate OM 

g N or P m2 

h1 

[A32,A34]   

HZi,n,j,l,C transfer of microbial C decomposition 

products to microbial residue 

g C m m2 

h1 

[A38]   

HZi,n,j,l,N,P 

 

KN 

 

KP 

 

transfer of microbial N or P decomposition 

products to microbial residue 

C:N ratio used to calculate internal 

recycling  of C, N 

 

C:P ratio used to calculate internal 

recycling  of C, P 

 

g N or P m2 

h1 

 

- 

 

- 

[A39] 

 

[A24a,b] 

 

[A24a,b] 

 

 

0.1 

 

0.01 

 

KiS inhibition constant for microbial 

colonization of substrate 

- [A5] 0.5 Grant et al. 

(2010) 

KNH4 M-M constant for NH4
uptake at microbial 

surfaces 

g N m-3 [A26] 0.40  
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KNO3 M-M constant for NO3
uptake at microbial 

surfaces 

g N m-3 [A26] 0.35  

KPO4 M-M constant for H2PO4
uptake at 

microbial surfaces 

g P m-3 [A26] 0.125  

KiD inhibition constant for [Mi,n,a ] on Si,C , Zi,C g C m-3 [A4] 25 Grant et al. 

(1993a,b); 

Lizama and 

Suzuki 

(1990) 

 

KmD Michaelis–Menten constant for DSi,j,C g C Mg1 [A4] 75 

KmQC Michaelis–Menten constant for Rhi,n on 

[Qi,C] 

g C m3 [A13,A24a] 12 

KO2 Michaelis–Menten constant for reduction of 

O2s by microbes, roots and mycorrhizae 

g O2 m3 [A17] 0.064 Griffin 

(1972); 

Longmuir 

(1954_ 

kts equilibrium rate constant for sorption h1 [A8] 0.01 Grant et al. 

(1993a,b) 

Lhj ratio of nonlignin to lignin components in 

humified hydrolysis products 

 [A33] 0.10, 0.05, 

and 0.05 for 

j = protein, 

carbohydrat

e, and 

cellulose, 

respectively 

Shulten and 

Schnitzer 

(1997) 

M molecular mass of water g mol-1 [A15] 18  

Mi,d,l,C    heterotrophic microbial C used for 

decomposition  

g C m2 [A1,A3a,A4

] 

  

Mi,n,j,l,C  microbial C g C m2 [A13,A17A

23,A24,A25

,A26, 

A30,A36] 

  

Mi,n,j,l,N  microbial N g N m2 [A18,A23,A

24A27,A29] 

  

Mi,n,j,l,P  microbial P g P m2 [A23,A24,A

29,A26, 

A36] 

  

Mi,n,a,l,C   active microbial C from heterotrophic 

population n associated with Gi,l,C 

g C m2 [A3,A13,A1

7, A30] 

  

[Mi,n,a,l,C ]  

 

n 

 

concentration of Mi,n,a  in soil water =  

Mi,n,a,l,C /l 

 

number of microbial microsites 

g C m3 

 

m-2 

[A3, A5] 

 

[A17b] 

 

  

[NH4


i,n,j,l] concentration of NH4
 at microbial surfaces g N m3 [A26]   

[NH4


mn] concentration of NH4
at microbial surfaces 

below which UNH4
 = 0 

g N m3 [A26] 0.0125  

[NO3


i,n,j,l] concentration of NH4
 at microbial surfaces g N m3 [A26]   

[NO3


mn] concentration of NO3
at microbial surfaces 

below which UNO3
 = 0 

g N m3 [A26] 0.03  

[H2PO4
-
i,n,j,l] concentration of H2PO4

- at microbial 

surfaces 

g N m3 [A26]   

[H2PO4
-
mn] concentration of H2PO4

-at microbial 

surfaces below which UPO4
 = 0 

g N m3 [A26] 0.002  
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[O2mi,n,l] O2 concentration at heterotrophic microsites g O2 m3 [A17]   

[O2sl] O2 concentration in soil solution g O2 m3 [A17]   

Qi,l,C DOC from products of  DSi,j,l,C [A3] and 

DZi,j,l,C) [A5] 

g C m2 [A8,A13,A2

2] 

  

[Qi,l,C]  solution concentration of Qi,l,C g C Mg1 [A8,A13,A2

4a] 

  

Qi,l,N,P DON and DOP from products of (DSi,j,l,N,P + 

DZi,j,l,N,P) 

g N or P m2 [A9,A22]   

qm rate constant for reallocating Mi,a,l,C  to 

Mi,d,l,C   

h-1 [A3a] 0.5  

R gas constant J mol1 K1 [A6,A15,C1

0] 

8.3143  

Ri,n=f,j,l respiration for non-symbiotic N2 fixation by 

heterotrophic diazotrophs (n = f) 

g C m-2 h-1 [A28]   

Rgi,n,l growth respiration of Mi,n,a,l  on Qi,l,C under 

nonlimiting O2 and nutrients 

g C g C1 

h1 

[A20]   

Rh total heterotrophic respiration of all Mi,n,a,l  

under ambient DOC, O2, nutrients,   and 

temperature 

g C m2 h1 [A11]   

Rhi,n,l heterotrophic respiration of Mi,n,a,l  under 

ambient DOC, O2, nutrients,   and 

temperature 

g C m2 h1 [A5,A11,A1

4,A20, 

A21,A25] 

  

Rhi,n,l specific heterotrophic respiration of Mi,n,a,l  

under nonlimiting O2, DOC,  and 25°C 

g C g C1 

h1 

[A12,A13]   

Rhn specific heterotrophic respiration of Mi,n,a,l  

under nonlimiting DOC, O2, nutrients,   

and 25°C 

g C g C1 

h1 

[A12] 0.125 Shields et al. 

(1973) 

Rhi,n,l heterotrophic respiration of Mi,n,a,l  under 

nonlimiting O2 and ambient DOC, nutrients, 

  and temperature 

g C m2 h1 [A13,A14,A

16] 

  

Rm specific maintenance respiration at 25°C g C g N1 

h1 

[A18] 0.0115 Barnes et al. 

(1998) 

Rmi,n,j,l 

 



maintenance respiration by Mi,n,j,l 

 

shape parameter in  fg 

g C m2 h1 

 

- 

[A18,A20,A

21,A25] 

[A15] 

 

 

 

0.2 

 

 

Choudhury 

et al., (2011) 

rwl radius of rm + water film at current water 

content 

m [A17]   

rm radius of heterotrophic microsite m [A17] 2.5 × 106  

rwl thickness of water films m [A17]   

S change in entropy J mol1 K1 [A6,C10] 710 Sharpe and 

DeMichelle 

(1977) 

[Si,j,l,C] concentration of Si,j,l,C in soil g C Mg1 [A4a]   

Si,j,l,C mass of colonized litter, POC or humus C  g C m2 [A2a,A5,A7

a,A33] 

  

S'i,j,l,C mass of uncolonized litter, POC or humus 

C  

g C m2 [A5]   
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Si,j,l,N,P mass of litter, POC or humus N or P  g N or P m2 [A7a,A33]   

Tsl soil temperature  K [A6,A15.A1

9] 

  

Ui,n,lC uptake of Qi,l,C by ΣnMi,n,a,l under limiting 

nutrient availability 

g C m2 h1 [A5,A21,A2

2,A25] 

  

Ui,n,N,P uptake of Qi,l,N,P by ΣnMi,n,a,l under limiting 

nutrient availability 

g N or P m2 

h1 

[A22,A29]   

UNH4i,n,j,l NH4
 uptake by microbes g N m-2 h-1 [A26, 

A27,A29] 

  

U'NH4 maximum UNH4 at 25 oC and non-limiting 

NH4
     

g N m-2 h-1 [A26] 5.0 x 10-3  

UNO3i,n,j,l NO3
 uptake by microbes g N m-2 h-1 [A26,A27,A

29] 

  

U'NO3 maximum UNO3 at 25 oC and non-limiting 

NO3
     

g N m-2 h-1 [A26] 5.0 x 10-3  

UO2i,n O2 uptake by Mi,n,a,l  under ambient O2 g m2 h1 [A14,A17]   

UO2i,n O2 uptake by Mi,n,a,l  under nonlimiting O2 g m2 h1 [A14,A16,A

17] 

  

UPO4i,n,j,l H2PO4
- uptake by microbes g N m-2 h-1 [A26,A27,A

29] 

  

U'PO4 

 

 

maximum UPO4 at 25 oC and non-limiting 

H2PO4
-     

 

 

g N m-2 h-1 [A26] 5.0 x 10-3  

Vi,l,C adsorbed C hydrolysis products g C Mg1 [A8,A10]   

Vi,l,N,P 

 

XCmn 

 

XCmx 

 

XN,P   

adsorbed N or P hydrolysis products 

 

minimum C internal recycling fraction 

 

maximum C internal recycling fraction 

 

maximum N,P internal recycling fraction 

g P Mg1 

 

- 

 

- 

 

- 

[A10] 

 

[A23a] 

 

[A23a] 

 

[A23b] 

 

 

 

 

 

 

0.167 

 

0.833 

 

0.80 

 

y selected to give a Q10 for ftm of 2.25  [A19] 0.081  

s soil or residue water potential MPa [A15]   

Yi,l,C sorption of C hydrolysis products g C m2 h1 [A8,A9,A10

] 

  

Yi,l,N,P sorption of N or P hydrolysis products g P m2 h1 [A9,A10]   

[Zi,j,l,C] concentration of Zi,j,l,C in soil g C Mg1 [A4b]   

Zi,j,l,C mass of microbial residue C in soil g C m2 [A2b,A7b]   

Zi,j,l,N,P mass of microbial residue N or P in soil g P m2 [A7b]   
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Appendix B: Soil-Plant Water Relations 

Canopy Transpiration 

Rnci + LEci + Hci + Gci = 0 

 

LEci = L (ea – eci(Tci,ci)
) / rai  

 

LEci = L (ea – eci(Tci,ci)
) / (rai + rci) - LEci  from [B1b] 

 

Hci  =  Cp (Ta – Tci) / rai  

canopy energy balance 

 

LE from canopy 

evaporation 

 

LE from canopy 

transpiration 

 

H from canopy energy 

balance  

[B1a] 

 

[B1b] 

 

[B1c] 

 

[B1d] 

 

rcmini = 0.64 (Cb – Ci'i) / Vc'i 
 

rci = rcmini + (rcmaxi – rcmini) e(-ti) 

 

rc driven by rates of 

carboxylation vs. 

diffusion 

rc constrained by water 

status 

 

[B2a] 

 

[B2b] 

 

rai = {(ln((zu –  zdi) / zri)2 /(K2 ua)} / (1 – 10 Ri) 

 

Ri = {g (zu – zri) / ( ua
2 Ta)} (Ta – Tc) 

 

ra driven by windspeed, 

surface roughness 

ra adjusted for stability 

vs. buoyancy 

 

[B3a] 

 

[B3b] 

ti = ci - i   [B4] 

Root and Mycorrhizal Water Uptake 

Uwi  = Σl Σr Uwi,r,l   [B5] 

Uwi,r,l =  (c'i  - s'l) / ( si,r,l + ri,r,l +  Σx ai,r,l,x) Uw along hydraulic 

gradient 

[B6] 

c'i  = ci + 0.01 zbi    [B7] 

s'l = sl – 0.01 zl   [B8] 

si,r,l = ln{(di,r,l / ri,r,l)/(2 Li,r,l ri,r,l)} wl /pl   [B9] 

ri,r,l= ’ri,r / Li,r,l   [B10] 

ai,r,l,x=1  = 'ai,r  zl  / {ni,r,l,1 (ri,r,l,1 / r'i,r)4} + 'ai,r  zbi /{n i,r,l,1 (rbi /rb'i)4} Σi,r,l  

(Mi,r,l) / Mi,r,l 

  [B11] 

ai,r,l,x=2  = ai,r  (Li,r,l,2 / ni,r,l,2) / {ni,r,l,2 (ri,r,l,2 / r'i,r) 4}   [B12] 

Li,r,l,1 /t = Mi,r,l,1 /t r /{r (1 - Pi,r) ( ri,r,l,1
2)}   [B13] 

Canopy Water Potential 

(ea – ei(Tci)
) / (rai + rci) [B1] = Σl  Σr (c'i  - s'l) / ( si,r,l + ri,r,l +  Σx ai,r,l,x) + 

cici / t  

 

c solved when 

transpiration from [B1-

B4] (LHS) equals uptake 

from [B5-B13] + change 

in storage (RHS) 

[B14] 
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Definition of Variables in Appendix B 

Variable Definition Unit Equation Value 
 

subscripts 

i plant species or functional type: coniferous, 

deciduous, annual, perennial, C3, C4, 

monocot, dicot etc. 

    

j branch or tiller     

k node     

l soil or canopy layer     

m leaf azimuth     

n leaf inclination     

o leaf exposure (sunlit vs. shaded)     

r root or mycorrhizae     

variables 

 stomatal resistance shape parameter MPa-1 [B2b,C4,C9

] 

-5.0 Grant and 

Flanagan 

(2007) 

Cb [CO2] in canopy air mmol mol-1 [B2,C2,C5]   

Ci'i [CO2] in canopy leaves at ci = 0 MPa mmol mol-1 [B2] 0.70 Cb Larcher 

(2001) 

di,r,l half distance between adjacent roots m [B9]   

Eci canopy transpiration m3 m-2 h-1 [B1,B14]   

ea atmospheric vapor density at Ta and 

ambient humidity 

g m-3 [B1]   

eci(Tci,ci)
 canopy vapor density at Tci and ci g m-3 [B1]   

Gci canopy storage heat flux W m-2 [B1]   

Hci canopy sensible heat flux W m-2 [B1]   

K von Karman’s constant  [B3a] 0.41  

ri,r,l hydraulic conductivity between soil and 

root surface 

m2 MPa-1 h-1 [B9]   

 scaling factor for bole axial resistance from 

primary root axial resistance 

- [B11] 1.6 x 104 Grant et al. 

(2007) 

L latent heat of evaporation J g-1 [B1] 2460  

LEci latent heat flux between canopy and 

atmosphere  

W m-2 [B1]   
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Li,r,l length of roots or mycorrhizae m m-2 [B9,B10,B1

2,B13] 

  

Mi,r,l mass of roots or mycorrhizae g m-2 [B11,B13]   

ni,r,l,x number of primary (x = 1) or secondary (x 

= 2) axes 

m-2 [B11,B12]   

'ai,r axial resistivity to water transport along 

root or mycorrhizal axes 

MPa h m-4 [B11,B12] 4.0 x 109 

deciduous 

1.0 x 1010 

coniferous  

Larcher 

(2001) 

ai,r,l,x axial resistance to water transport along 

axes of primary (x = 1) or secondary (x = 2) 

roots or mycorrhizae 

MPa h m-1 [B6,B11,B1

2] 

  

'ri,r radial resistivity to water transport from 

surface to axis of roots or mycorrhizae 

MPa h m-2 [B10] 1.0 x 104 Doussan et 

al. (1998) 

ri,r,l radial resistance to water transport from 

surface to axis of roots or mycorrhizae 

MPa h m-1 [B6,B10]   

si,r,l radial resistance to water transport from soil 

to surface of roots or mycorrhizae 

MPa h m-1 [B6,B9]   

wl soil water content m3 m-3 [B9]   

pl soil porosity m3 m-3 [B9]   

Pi,r root porosity m3 m-3 [B13]   

Ri Richarson number  [B3a,B3b]  van Bavel 

and Hillel 

(1976) 

Rnci canopy net radiation W m-2 [B1]   

rai aerodynamic resistance to vapor flux from 

canopy 

s m-1 [B1,B3a]   

rbi radius of bole at ambient ci m [B11]   

rb'i radius of bole at ci = 0 MPa m [B11]   

rci  canopy stomatal resistance to vapor flux s m-1 [B1,B2b]   

rcmaxi canopy cuticular resistance to vapor flux s m-1 [B2b] 5.0 x 103 Larcher 

(2001) 

rcmini minimum rci  at ci = 0 MPa s m-1 [B2,B2b]   

ri,r,l,x radius of primary (x=1) or secondary (x=2) 

roots or mycorrhizae at ambient ri l,z 

m [B9,B11,B1

2,B13] 

  

r'i,r radius of secondary roots or mycorrhizae at 

ri l,z = 0 MPa 

m [B11,B12] 2.0 x 10-4 

tree 

1.0 x 10-4 

bush 

0.05 x 10-4 

mycorrhizae  

 

r root specific density g C g FW-1 [B13] 0.05 Grant (1998) 

Ta air temperature K [B3b]   

Tc canopy temperature K [B3b]   
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Uwi total water uptake from all rooted soil 

layers 

m3 m-2 h-1 [B5,B14]   

Uwi,r,l water uptake by root and mycorrhizal 

surfaces in each soil layer 

m3 m-2 h-1 [B5,B6]   

ua wind speed measured at zu m s-1 [B3a,B3b]   

Vc'i potential canopy CO2 fixation rate at ci = 

0 MPa 

mmol m-2 s-1 [B2]   

r root specific volume  m3 g FW-1 [B13] 10-6 Grant (1998) 

ci canopy capacitance m3 m-2 MPa-

1 

[B14]   

ci canopy water potential MPa [B4,B7,B14]   

c'i   ci + canopy gravitational potential MPa [B6,B7]   

i canopy osmotic potential MPa [B4]   

sl soil water potential MPa [B8]   

s'l sl + soil gravitational potential MPa [B6,B8]   

ti canopy turgor potential MPa [B2b,B4] 1.25 at c = 

0 

 

zbi length of bole from soil surface to top of 

canopy 

m [B7,B11]   

zdi canopy zero-plane displacement height m [B3a]  Perrier 

(1982) 

z l depth of soil layer below surface m [B8,B11]   

zr canopy surface roughness m [B3a,B3b]  Perrier 

(1982) 

zu height of wind speed measurement m [B3a,B3b]   
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Appendix C: Gross Primary Productivity, Autotrophic Respiration, Growth 

and Litterfall 

C3 Gross Primary Productivity  

GPP = Σ i,j,k,l,m,n,o (Vci,j,k,l,m,n,o = Vgi,j,k,l,m,n,o) A i,j,k,l,m,n,o CFi solve for Cii,j,k,l,m,n,o at 

which Vci,j,k,l,m,n,o = 

Vgi,j,k,l,m,n,o 

[C1] 

Vgi,j,k,l,m,n,o = (Cb – Cii,j,k,l,m,n,o) / rli,j,k,l,m,n,o  diffusion  [C2] 

Vci,j,k,l,m,n,o = min{Vbi,j,k,l,m,n,o, Vji,j,k,l,m,n,o}  carboxylati

on 

 [C3] 

rli,j,k,l,m,n,o = rlmini,j,k,l,m,n,o + (rlmaxi - rlmini,j,k,l,m,n,o) e(-ti) rl is leaf-level equivalent 

of rc 

[C4] 

rlmini,j,k,l,m,n,o = (Cb - Ci'i) / Vc'i,j,k,l,m,n,o  minimum rl is driven by 

carboxylation 

[C5] 

Vbi,j,k,l,m,n,o  = Vbmaxi,j,k (Cci,j,k,l,m,n,o -  i,j,k) / (Cci,j,k,l,m,n,o) + Kci
)  f i,j,k,l,m,n,o  

 

Vbmaxi,j,k  = Vb'i 
Frubiscoi

 MLi,j,k,prot  / Ai,j,k
  ftbi  fiCi 

 

 i,j,k = 0.5 Oc Vomaxi,j,k
  Kci

 / (Vbmaxi,j,k  Koi
) 

 

Vomaxi,j,k  = Vo'i 
Frubiscoi

 MLi,j,k,prot  / Ai,j,k 
 ftoi 

 

 Kci
 = Kci  

ftkci (1 + Oc / (Koi  
ftkoi)) 

CO2 and water 

fconstraints on Vb 

 

temperature ftb and 

nutrient fiC constraints on 

Vbmax 

 

CO2 compensation point 

 

oxygenation 

 

M-M constant for Vb 

[C6a] 

 

[C6b] 

 

 

[C6c] 

 

[C6d] 

 

[C6e] 

 

Vji,j,k,l,m,n,o = Ji,j,k,l,m,n,o Yi,j,k,l,m,n,o f i,j,k,l,m,n,o  

 

Yi,j,k,l,m,n,o =  (Cci,j,k,l,m,n,o -  i,j,k) / (4.5 Cci,j,k,l,m,n,o + 10.5  i,j,k) 

water constraints on Vj 

 

carboxylation efficiency 

of Vj 

[C7a] 

 

[C7b] 

 

Ji,j,k,l,m,n,o = ( Ii,l,m,n,o + Jmaxi,j,k - (( Ii,l,m,n,o + Jmaxi,j,k)
2
  - 4 Ii,l,m,n,o  Jmaxi,j,k)

0.5
) / 

(2) 

 

Jmaxi,j,k  = Vj'i
 Fchlorophylli

 MLi,j,k,prot  
/ A

i,j,k  ftji  fiCi 

irradiance constraints on 

J 

 

temperature and nutrient 

constraints on Jmax 

[C8a] 

 

[C8b] 

f i,j,k,l,m,n,o = (rlmini,j,k,l,m,n,o
 / rli,j,k,l,m,n,o

)0.5 non-stomatal effect 

related to stomatal effect 

[C9] 

ftbi = exp[Bv  Hav / (RTci)] / {1 + exp[(Hdl  STci) / (RTci)] + exp[(STci  

Hdh) / (RTci)]} 

 

ftoi = exp[Bo  Hao / (RTci)] / {1 + exp[(Hdl  STci) / (RTci)] + exp[(STci  

Hdh) / (RTci)]] 

 

ftji = exp[Bj  Haj / (RTci)] / {1 + exp[(Hdl  STci) / (RTci)] + exp[(STci  

Hdh) / (RTci)]} 

 

ftkci = exp[Bkc  Hakc / (RTci)] 

 

ftkoi = exp[Bko  Hako / (RTci)] 

Arrhenius functions for 

carboxylation, 

oxygenation and 

electron transport 

temperature sensitivity 

of  Kci
, Koi

  

[C10a] 

 

[C10b] 

 

[C10c] 

 

[C10d] 

 

[C10e] 
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fiCi = min{Ni, j/ (Ni,j + Ci,j / KiCN), Pi,j / (Pi,j + Ci,j / KiCP)} control of N and P 

vs.C in shoots on Vb, Vj 

through product 

inhibition and on leaf 

protein growth through 

leaf structural C:N:P 

ratios  

[C11] 

 

ML
Ri,j,k

 /t =MLi,j,k 
/t min{[N'leaf + (Nleaf - N'leaf) fiCi] / Nprot, [P'leaf  + 

(Pleaf - P'leaf) fiCi] / Pprot}  

 

growth of remobilizable 

leaf protein C 

[C12] 

Autotrophic Respiration  

Ra = Σ iΣ,j (Rci,j + Rsi,j) + Σ iΣ lΣ z (Rci,r,l  + Rsi,r,l ) + EN,P (UNH4i,r,l + UNO3i,r,l  + 

UPO4i,r,l ) 

total autotrophic 

respiration 

[C13] 

Rci,j  = Rc'Ci,j  ftai   

 

Rci,r,l  = Rc'C i,r,l  fta i,l  (UO2i,r,l /U O2i,r,l) 

 

UO2i,r,l  = U O2 i,r,l  [O2ri,r,l] / ([O2ri,r,l] + KO2) 

 

           = Uwi,r,l 
[O2sl] + 2Li,r,l DsO2 ([O2sl]  [O2ri,r,l]) ln{(rsl  rri,r,l) / rri,r,l} 

                                 + 2Li,r,l DrO2 ([O2qi,r,l]  [O2 ri,r,l]) ln(rqi,r,l) / rri,r,l) 

 

U O2 i,r,l = 2.67 Rai,r,l 

O2 constraint on root 

respiration from active 

uptake coupled with 

diffusion of O2 from soil 

as for heterotrophic 

respiration in [A17], and 

from active uptake 

coupled with diffusion 

of O2 from roots 

[C14a] 

 

[C14b] 

 

[C14c] 

 

[C14d] 

 

 

[C14e] 

 

Rsi,j = - min{0.0, Rci,j – Rmi,j} 

 

Rsi,r,l = - min{0.0, Rci,r,l– Rmi,r,l} 

 

 

remobilization in 

branchs, roots and 

mycorrhizae when Rm > 

Rc 

 

[C15] 

Rmi,j =  Σ z (Ni,j,z Rm'  ftmi)  

 

Rmi,r,l =  Σ z (Ni,r,l,z Rm'  ftmi) 

 

maintenance respiration 

of branchs, roots and 

mycorrhizae 

[C16] 

Rgi,j = max{0.0, min{(Rci,j – Rmi,j) min{1.0, max{0.0, ti - t'}} 

 

Rgi,r,l = max{0.0, min{(Rci,r,l – Rmi,r,l) min{1.0, max{0.0, ti,l - t'}} 

growth respiration of 

branchs, roots and 

mycorrhizae when Rm < 

Rc 

[C17] 

 

Growth and Litterfall 
li,j,z,C = Rsi,j ML

N
i,j / ML

R
i,j (1.0- (XCmn + (XCmx – XCmn)  fCi,j)) senescence drives 

litterfall of non-

remobilizable C less C 

recycling 

[C18a] 
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li,j,z,N = li,j,z,C Nprot (1.0 – XN fNi,j) 

 

li,j,z,P = li,j,z,C Pprot (1.0 – XP fPi,j) 

 

fCi,j = min{Ni,j / (Ni,j + Ci,j  KN), Pi,j / (Pi,j + Ci,j  KP)} 

 

fNi,j = Ci,j / (Ci,j + Ni,j /KN) 

 

fPi,j = Ci,j / (Ci,j + Pi,j /KP) 

 

xi,r,l,C  = rx Ci,r,l  

 

xi,r,l,N  = rx Ni,r,l fxi,r,l,N   

 

xi,r,l,P  = rx Pi,r,l fxi,r,l,P 

 

fxi,r,l,N  = Ni,j / (Ni,j + Ci,j /KxN)  

 

fxi,r,l,P  = Pi,j / (Pi,j + Ci,j /KxP)  

 

litterfall of N and P is 

driven by that of C less 

N and P recycling 

root and mycorrhizal 

litterfall calculated as 

for branch litterfall  

C, N and P recycling 

calculated from 

nonstructural C,N,P 

ratios 

 

 

 

 

root and mycorrhizal 

exudation driven byC, 

N and P, and by C:N 

and C:P. 

      

[C18b] 

 

[C18c] 

 

[C19a] 

 

[C19b] 

 

[C19c] 

 

[C19d] 

 

[C19e] 

 

[C19f] 

 

[C19g] 

 

[C19h] 

 

MBi,j /t = Σ z [Rgi,j (1 - Ygi,z) /Ygi,z] – Rsi,j  – li,j,C 

 

MRi,r,l /t = [Rgi,r,l (1 - Ygi,r) /Ygi,r] – Rsi,r,l  – li,r,l,C 

branch growth driven by 

Rg 

 

root growth driven by Rg 

[C20a] 

 

[C20b] 

ALi,j,k,l /t = MLi,j,k,l / yiMLi,j,k,l /t min{1, max{0,ti - t'} 



Li,r,l,1/t = (MRi,r,l,1 / t) / yi r /{r (1 - Pi,r) ( rri,r,l,1 
2)} 

  

Li,r,l,2 / t = (MRi,r,l,2 / t) r /{r (1 - Pi,r) ( rri,r,l,2 
2)}

leaf expansion driven by 

leaf mass growth 

root extension of 

primary and secondary 

axes driven by root mass 

growth 

[C21a] 

 

[C21b] 

 

[C21c] 

 

ftaiTci{exp[Bv  Hav / (RTci)]} / {1 + exp[(Hdl  STci) / (RTci)] + exp[(STci 

 Hdh) / (RTci)]} 



ftmi e(0.0811 (Tci – 298.15))

Arrhenius function for 

Ra 

 

temperature function for 

Rm 

[C22a] 

 

[C22b] 

Root and Mycorrhizal Nutrient Uptake 
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UNH4i,r,l = {Uwi,r,l[NH4


l] + 2Li,r,lDeNH4l
 ([NH4


l] – [NH4


i,r,l]) / ln(di,r,l /rri,r,l)} 

            = U'NH4 (UO2i,r,l /U O2i,r,l) Ai,r,l ([NH4


i,r,l] – [NH4


mn])/([NH4


i,r,l] – 

[NH4


mn] + KNH4) ftai,l  
fiNi,r,l 

 

UNO3i,r,l = {Uwi,r,l [NO3


l] + 2Li,r,l DeNO3l
 ([NO3


l] – [NO3


i,r,l]) / ln(di,r,l /rri,r,l)} 

            = U'NO3 (UO2i,r,l /U O2i,r,l) Ai,r,l ([NO3


i,r,l] – [NO3


mn] )/([NO3


i,r,l] – 

[NO3


mn] + KNO3) ftai,l  
 fiNi,r,l 

 

UPO4i,r,l = {Uwi,r,l [H2PO4


l] + 2Li,r,lDePO4l
 ([H2PO4


l] – [H2PO4


i,r,l]) / ln(di,r,l 

/rri,r,l)} 

         = U'PO4 (UO2i,r,l /U O2i,r,l) Ai,r,l ([H2PO4
-
i,r,l] – [H2PO4

-
mn])/([H2PO4

-
i,r,l] 

– [H2PO4
-
mn] + KPO4) ftai,l  

fiPi,r,l 

 

fiNi,r,l = Ci,r,l /(Ci,r,l + Ni,r,l / KiNC) 

 

fiPi,r,l = Ci,r,l /(Ci,r,l + Pi,r,l / KiPC) 

root N and P uptake 

from mass flow + 

diffusion coupled with 

active uptake of NH4
, 

NO3
 and H2PO4

 

constrained by O2 

uptake, as modelled for 

microbial N and P 

uptake in [A26] 

 

 

 

 

product inhibition of 

UNH4, UNO3 and UPO4  

determined by N and P 

vs. C in roots 

[C23a] 

[C23b] 

 

[C23c] 

[C23d] 

 

[C23e] 

[C23f] 

 

 

[C23g] 

 

[C23h] 

C4 Gross Primary Productivity  

C4 Mesophyll   

GPP = Σ i,j,k,l,m,n,o (Vg(m4)i,j,k,l,m,n,o = Vc(m4)i,j,k,l,m,n,o)  [C24] 

Vg(m4)i,j,k,l,m,n,o = (Cb – Ci(m4)i,j,k,l,m,n,o) / rlfi,j,k,l,m,n,o  gaseous diffusion [C25] 

Vc(m4)i,j,k,l,m,n,o = min{Vb(m4)i,j,k,l,m,n,o, Vj(m4)i,j,k,l,m,n,o} mesophyll carboxylation  [C26] 

rlfi,j,k,l,m,n,o = rlfmini,j,k,l,m,n,o + (rlfmaxi - rlfmini,j,k,l,m,n,o) e(-ti)  [C27] 

rlfmini,j,k,l,m,n,o = (Cb - Ci(m4)'i) / Vc0(m4)i,j,k,l,m,n,o   [C28] 

Vb(m4)i,j,k,l,m,n,o  = Vbmax(m4)i,j,k (Cc(m4)i,j,k,l,m,n,o -  (m4)i,j,k) / (Cc(m4)i,j,k,l,m,n,o) + 

Kc(m4)i
)  

CO2-limited 

carboxylation 

[C29] 

Vj(m4)i,j,k,l,m,n,o = J(m4)i,j,k,l,m,n,o Y(m4)i,j,k,l,m,n,o 

 

Y(m4)i,j,k =  (Cc(m4)i,j,k,l,m,n,o -  (m4)i,j,k) / (3.0 Cc(m4)i,j,k,l,m,n,o) + 10.5 (m4)i,j,k) 

light-limited 

carboxylation 

[C30a] 

 

[C30b] 

J(m4)i,j,k,l,m,n,o = ( Ii,l,m,n,o + Jmax(m4)i,j,k - (( Ii,l,m,n,o + Jmax(m4)i,j,k)
2
  - 4 Ii,l,m,n,o Jmax(m4)i,j,k)

0.5
) 

/ (2) 

irradiance response 

function 

[C31] 

Vbmax(m4)i,j,k = Vbmax(m4)' [Npep(m4)i,j,k]'  Nlfi,j,k  Alfi,j,k  fC(m4)i,j,k fi ftbi  PEPc activity [C32] 

Jmax(m4)i,j,k = Jmax' [Nchl(m4)i,j,k ]'  Nlfi,j,k  Alfi,j,k  fC(m4)i,j,k, fi ftji  chlorophyll activity [C33] 

fC(m4)i,j,k = 1.0 / (1.0 + [C4(m4)i,j,k] / KIC4(m4)
) C4 product inhibition [C34] 

f i,j,k,l,m,n,o = (rlfmini,j,k,l,m,n,o
 / rlfi,j,k,l,m,n,o

)0.5 non-stomatal water 

limitation 

[C35]  

   

C4 Mesophyll-Bundle Sheath Exchange   

VC4(m4)i,j,k = C4(m4) (C4(m4)i,j,k Wlf(b4)i,j,k –C4(b4)i,j,k Wlf(m4)i,j,k) / (Wlf(b4)i,j,k + Wlf(m4)i,j,k) mesophyll-bundle 

sheath transfer 

[C37] 

VC4(b4)i,j,k =  C4(b4) C4(b4)i,j,k / (1.0 + Cc(b4)i,j,k /KIC4(b4)
)  bundle sheath 

decarboxylation 

[C38] 
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V(b4)i,j,k = Cc(b4) (Cc(b4)i,j,k  – Cc(m4)i,j,k) (12 x 10-9) Wlf(b4)i,j,k  bundle sheath-

mesophyll leakage 

[C39] 

C4(m4)i,j,k /t = Σl,m,n,o Vc(m4)i,j,k,l,m,n,o - VC4(m4)i,j,k mesophyll carboxylation 

products 

[C40] 

C4(b4)i,j,k/t = VC4(m4)i,j,k  - VC4(b4)i,j,k bundle sheath 

carboxylation products 

[C41] 

Cc(b4)i,j,k/t = VC4(b4)i,j,k  - V(b4)i,j,k  - Σl,m,n,o Vc(b4)i,j,k,l,m,n,o bundle sheath CO2 

concentration 

[C42] 

   

C4 Bundle Sheath   

Vc(b4)i,j,k,l,m,n,o = min{Vb(b4)i,j,k, Vj(b4)i,j,k,l,m,n,o} bundle sheath 

carboxylation 

[C43] 

Vb(b4)i,j,k  = Vbmax(b4)i,j,k (Cc(b4)i,j,k - (b4)i,j,k) / (Cc(b4)i,j,k) + Kc(b4)i
) CO2-limited 

carboxylation 

[C44] 

Vj(b4)i,j,k,l,m,n,o = J(b4)i,j,k,l,m,n,o Y(b4)i,j,k 

 

Y(b4)i,j,k =  (Cc(b4)i,j,k - (b4)i,j,k) / (4.5 Cc(b4)i,j,k  + 10.5 (b4)i,j,k) 

light- limited 

carboxylation 

 

carboxylation efficiency 

of Vj(b4) 

[C45a] 

 

[C45b] 

J(b4)i,j,k,l,m,n,o = ( Ii,l,m,n,o + Jmax(b4)i,j,k - (( Ii,l,m,n,o + Jmax(b4)i,j,k)2  - 4  Ii,l,m,n,o Jmax(b4)i,j,k)0.5) / 

(2) 

irradiance response 

function 

[C46] 

Vbmax(b4)i,j,k = Vbmax(b4)' [Nrub(b4)i,j,k]'  Nlfi,j,k  Alfi,j,k  fC(c3)i,j,k  fi ftvi  RuBPc activity [C47] 

Jmax(b4)i,j,k = Jmax' [Nchl(b4)i,j,k]'  Nlfi,j,k  Alfi,j,k  fC(c3)i,j,k  fi ftvi chlorophyll activity [C48] 

fC(c3)i,j,k = min{[lfi,j] / ([ lfi,j] + [c3(b4)i,j] / KIlf
), [lfi,j] / ([lfi,j] + [c3(b4)i,j] / 

KIlf
)}  

C3 product inhibition [C49] 

Shoot – Root - Mycorrhizal C, N, P Transfer 

ZsCi,j-i,r,l = gsCi,j-i,r,l  (Ci,j  MRi,r,l -  Ci,r,l  MBi,j ) / (MRi,r,l + MBi,j ) shoot – root C transfer 

driven by C 

concentration gradients 

[C50] 

ZsN,Pi,j-i,r,l = gsN,Pi,j-i,r,l  (N,Pi,j  Ci,r,l  -  N,Pi,r,l  Ci,j  ) / (Ci,r,l  + Ci,j  ) shoot – root N,P transfer 

driven by N,P 

concentration gradients 

[C51] 

ZrCi,j-i,r,l = grCi,j-i,r,l  (Ci,r,l  MMi,r,l -  Ci,m,l  MRi,r,l) / (MMi,r,l + MRi,r,l) root – mycorrhizal C 

transfer driven by C 

conc’n gradients 

[C52] 

ZrN,Pi,j-i,r,l = grN,Pi,j-i,r,l  (N,Pi,r,l  Ci,m,l  -  N,Pi,m,l  Ci,r,l ) / (Ci,m,l  + Ci,r,l) root – mycorrhizal N,P 

transfer driven by N,P 

conc’n gradients 

[C53] 

Definition of Variables in Appendix C  

Variable Definition Unit Equation Value 
 

subscripts 

i species or functional type: 

evergreen, coniferous, 

deciduous, annual, perennial, 

C3, C4, monocot, dicot, 

legume etc. 

    

j branch or tiller     

k node     
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l soil or canopy layer     

m leaf azimuth     

n leaf inclination     

o leaf exposure (sunlit vs. 

shaded) 

    

z organ including leaf, stem, 

root r, mycorrhizae m 

    

variables 

 
A Leaf (irradiated), root or 

mycorrhizalsurface area 

m2 m-2 [C1,C6b,C6

d,C8b,C21,C

23,C32,C33,

C47] 

  

 shape parameter for stomatal effects on 

CO2 diffusion and non-stomatal effects on 

carboxylation 

MPa-1 [C4 

C27,C35,] 

-5.0 Grant and 

Flanagan 

(2007) 

Bj parameter such that ftji = 1.0 at Tc = 

298.15 K 

 [C10c] 17.354  

Bkc parameter such that ftkci = 1.0 at Tc = 

298.15 K 

 [C10d] 22.187  

Bko parameter such that ftkoi = 1.0 at Tc = 

298.15 K 

 [C10e] 8.067  

Bo parameter such that ftoi = 1.0 at Tc = 

298.15 K 

 [C10b] 24.212  

Bv parameter such that ftvi = 1.0 at Tc = 

298.15 K 

 [C10a, C22] 26.229  

Cb [CO2] in canopy air mmol mol-1 [C2,C5 

C25,C28] 

  

Cc [CO2] in canopy chloroplasts in 

equilibrium with Cii,j,k,l,m,n,o 

mM [C6a,C7b]   

Cc(b4) [CO2] in C4 bundle sheath mM [C38,C39,C

42,C44,C45

b] 

  

Cc(m4) 

CFi 

[CO2] in C4 mesophyll in equilibrium 

with Cii,j,k,l,m,n,o 

Clumping factor  

mM 

- 

[C29,C30b,

C39] 

[C1] 

 

 

 

0.45 

(needleleaf) 

0.675 

(broadleaf 

 

 

He (2016) 

Ci' [CO2] in canopy leaves when ci = 0 mmol mol-1 [C5] 0.70 x Cb Larcher 

(2001) 

Ci [CO2] in canopy leaves mmol mol-1 [C2]   

Ci(m4)' [CO2] in C4 mesophyll air when ci = 0 mmol mol-1 [C28] 0.45 x Cb 
 

Ci(m4) [CO2] in C4 mesophyll air mmol mol-1 [C25] 
  

Ci,j,z=l C content of leaf (z = l) g C m-2 [C18a]   

De NH4l
 effective dispersivity-diffusivity of 

NH4
during root uptake 

m2 h-1 [C23]   

De NO3l
 effective dispersivity-diffusivity of 

NO3
during root uptake 

m2 h-1 [C23]   
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De PO4l
 effective dispersivity-diffusivity of 

H2PO4
during root uptake 

m2 h-1 [C23]   

DrO2 aqueous diffusivity of O2 from root 

aerenchyma to root or mycorrhizal 

surfaces 

m2 h-1 [C14d]   

DsO2 aqueous diffusivity of O2 from soil to root 

or mycorrhizal surfaces  

m2 h-1 [C14d]   

di,r,l half distance between adjacent roots 

assumed equal to uptake path length  

m [C23] (π Ls,z /z)-

1/2 

Grant 

(1998) 

EN,P energy cost of nutrient uptake g C g N-1 or 

P-1 

[C13] 2.15 Veen (1981) 

fC(c3) C3 product inhibition of RuBP 

carboxylation activity in C4 bundle sheath 

or C3 mesophyll 

 [C47,C48,C

49] 

  

fC(m4) C4 product inhibition of PEP 

carboxylation activity in C4 mesophyll  

 [C32,C33,C

34] 

  

Fchl fraction of leaf protein in chlorophyll - [C8b] 0.025  

fiC N,P inhibition on carboxylation, leaf 

structural N,P growth 

 [C6a,C7,C1

1,C12]

 

fiN N inhibition on root N uptake  [C23g]  

fiP P inhibition on root P uptake  [C23h]  

fC fraction of XCmx translocated out of leaf 

or root before litterfall  

 [C18a,C19a] 
 

fN fraction of XN translocated out of leaf or 

root before litterfall  

 [C18b,C19b] 
 

fP fraction of XP translocated out of leaf or 

root before litterfall 

 [C18c,C19c] 

 

 

Frubisco fraction of leaf protein in rubisco - [C6b,d] 0.125  

fta temperature effect on Rai,j  and U  [C14,C22,C

23]

 

ftb temperature effect on carboxylation   [C6b,C10a]  

ftj temperature effect on electron transport  [C8b,C10c]  

ftkc temperature effect on Kci
  [C6e,C10d]  Bernacchi et 

al. 

(2001,2003)

ftko temperature effect on Koi
  [C6e,C10e]  Bernacchi et 

al. 

(2001,2003)

ftm temperature effect on Rmi,j    [C16, C22b] Q 

fto temperature effect on oxygenation  [C6d,C10b]  

ftv temperature effect on carboxylation   [C32,C33,C

36,C47,C48] 
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fxN inhibition of root or mycorrhizal N 

exudation  

 [C19e,g] 
  

fxP inhibition of root or mycorrhizal P 

exudation 

 [C19f,h] 

 

  

fi non-stomatal water effect on 

carboxylation  

 [C6a,C7a,C9

]

 Medrano et 

al. (2002) 

fi non-stomatal water effect on 

carboxylation  

 [C32,C33,C

35C47,C48] 

  

gsC conductance for shoot-root C transfer h-1 [C50] 
calculated 

from root 

depth, axis 

number 

Grant 

(1998) 

gsN,P rate constant for shoot-root N,P transfer h-1 [C51] 
0.1 Grant 

(1998) 

grC rate constant for root-mycorrhizal C 

transfer 

h-1 [C52] 
0.1 Grant 

(1998) 

grN,P rate constant for root-mycorrhizal N,P 

transfer 

h-1 [C53] 
0.1 Grant 

(1998) 

Haj energy of activation for electron transport J mol1 [C10c] 43 x 103 Bernacchi et 

al. 

(2001,2003) 

Hakc parameter for temperature sensitivity of 

Kci
 

J mol1 [C10d] 55 x 103 Bernacchi et 

al. 

(2001,2003) 

Hako parameter for temperature sensitivity of 

Koi
 

J mol1 [C10e] 20 x 103 Bernacchi et 

al. 

(2001,2003) 

Hao energy of activation for oxygenation J mol1 [C10b, C22] 60 x 103 Bernacchi et 

al. 

(2001,2003) 

Hav energy of activation for carboxylation J mol1 [C10a, C22] 65 x 103 Bernacchi et 

al. 

(2001,2003) 

Hdh energy of high temperature deactivation J mol1 [C10, C22] 222.5 x 103  

Hdl energy of low temperature deactivation J mol1 [C10, C22] 197.5 x 103  

[H2PO4
-

i,r,l] 

concentration of H2PO4
- root or 

mycorrizal surfaces 

g N m3 [C23]   

[H2PO4
-

mn] 

concentration of H2PO4
-at root or 

mycorrizal surfaces below which UPO4
 = 

0 

g N m3 [C23] 0.002 Barber and 

Silberbush, 

1984 

I irradiance mmol m-2 s-1 [C8a,]  

J electron transport rate in C3 mesophyll mmol m-2 s-1 [C7a,C8a]  

J(b4) electron transport rate in C4 bundle sheath mmol m-2 s-1 [C45a,C46] 
  

J(m4) electron transport rate in C4 mesophyll mmol m-2 s-1 [C30a,C31] 
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Jmax' specific electron transport rate at non-

limiting I and 25oC when ci = 0 and 

nutrients are nonlimiting 

mmol g-1 s-1 [C33,C48] 400 
 

Jmax(b4) electron transport rate in C4 bundle sheath 

at non-limiting I  

mmol m-2 s-1 [C46,C48] 
  

Jmax(m4) electron transport rate in C4 mesophyll at 

non-limiting I  

mmol m-2 s-1 [C31,C33] 
  

Jmax electron transport rate at non-limiting I, 

ci, temperature and N,P 

mmol m-2 s-1 [C8a,C8b]  

Kc(b4) Michaelis-Menten constant for 

carboxylation in C4 bundle sheath 

mM [C44] 30.0 at 25oC 

and zero O2 

Lawlor 

(1993) 

Kc(m4) Michaelis-Menten constant for 

carboxylation in C4 mesophyll 

mM [C29] 3.0 at 25oC  
Lawlor 

(1993) 

Kc Michaelis-Menten constant for 

carboxylation at zero O2 

mM [C6c,C6e] 12.5 at 25 oC  Farquhar et 

al. (1980) 

Kc Michaelis-Menten constant for 

carboxylation at ambient O2 

mM [C6e]   

KiCN inhibition constant for growth in shoots 

from C vs. N   

                                                                       

g C g N-1 [C11] 

 

100  

  

Grant 

(1998) 

KiCP inhibition constant for growth in shoots 

from C vs. P 

 

g C g P-1 

 

[C11] 

 

1000  

 

Grant 

(1998) 

KIC4(b4)
 constant for CO2 product inhibition of C4 

decarboxylation in C4 bundle sheath 

mM [C38] 1000.0 
 

KIC4(m4)
 constant for C4 product inhibition of PEP 

carboxylation activity in C4 mesophyll 

mM [C34] 5 x 106 
 

KIlf
 constant for C3 product inhibition of 

RuBP carboxylation activity in C4 bundle 

sheath or C3 mesophyll  caused by [lfi,j] 

g C g N-1 [C49] 100 
 

KIlf
 constant for C3 product inhibition of 

RuBP carboxylation activity in C4 bundle 

sheath or C3 mesophyll  caused by [lfi,j] 

g C g P-1 [C49] 1000 
 

KiNC inhibition constant for N uptake in roots 

from Ci,j vs. Nj   

g N g C-1 [C23] 0.1  Grant 

(1998) 

KiPC inhibition constant for P uptake in roots 

from Ci,j vs. Pi,j                                                                       

roots 

g P g C-1 [C23] 0.01  Grant 

(1998) 

KN constant used to calculate remobilization 

of leaf or root C and N during senescence 

g N g C-1 [C19a,C19b] 0.1  

KP constant used to calculate remobilization 

of leaf or root C and P during senescence 

g P g C-1 [C19a,C19c] 0.01  

KNH4 M-M constant for NH4
uptake at root or 

mycorrhizal surfaces 

g N m-3 [C23] 0.40 Barber and 

Silberbush, 

1984 

KNO3 M-M constant for NO3
uptake at root or 

mycorrhizal surfaces 

g N m-3 [C23] 0.35 Barber and 

Silberbush, 

1984 
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KPO4 M-M constant for H2PO4
uptake root or 

mycorrhizal surfaces 

g P m-3 [C23] 0.125 Barber and 

Silberbush, 

1984 

KO2 Michaelis-Menten constant for root or 

mycorrhizal O2 uptake 

g m-3 [C14c] 0.32 Griffin 

(1972) 

Ko inhibition constant for O2 in 

carboxylation 

mM [C6c,C6e] 500 at 25 oC Farquhar et 

al. (1980) 

KxN inhibition constant for exudation of  root 

or mycorrhizal N  

g C g N-1 [C19g] 1.0  

KxP inhibition constant for exudation of  root 

or mycorrhizal P  

g C g N-1 [C19h] 10.0  

L root length m m-2 [C14d,C21b,

C23] 

  

lC C litterfall from leaf or root g C m-2 h-1 [C18a,C18b,

C18c,C20] 

  

lN N litterfall from leaf or root g C m-2 h-1 [C18b]   

lP P litterfall from leaf or root g C m-2 h-1 [C18c]   

ML leaf C phytomass g C m-2 [C12,C21]   

ML
N
,
 
ML

R
 non-remobilizable, remobilizable 

(protein) leaf C phytomass 

g C m-2 [C12,C18a]   

MM mycorrhizal C phytomass g C m-2 [C52]   

MR root C phytomass g C m-2 [C20,C21,C

50,C52] 

  

MLiprot
 leaf protein phytomass calculated from 

leaf N, P contents 

g N m-2 [C6b,C6d,C

8b] 

  

N,P N or P content of organ z g N m-2 [C16, C19]   

Nleaf maximum leaf structural N content g N g C-1 [C12] 0.10  

N'leaf minimum leaf structural N content g N g C-1 [C12] 0.33 x Nleaf  

Nlf total leaf N  g N m-2 leaf [C32,C33,C

47,C48] 

  

Nprot N content of protein remobilized from 

leaf or root 

g N C-1 [C12,C18b] 0.4  

[Nchl(b4)]' ratio of chlorophyll N in C4 bundle sheath 

to total leaf N 

g N g N-1 [C48] 0.05 
 

[Nchl(m4)]' ratio of chlorophyll N in C4 mesophyll to 

total leaf N 

g N g N-1 [C33] 0.05 
 

[NH4


i,r,l] concentration of NH4
 at root or 

mycorrizal surfaces 

g N m3 [C23]   

[NH4


mn] concentration of NH4
at  root or 

mycorrizal surfaces below which UNH4
 = 

0 

g N m3 [C23] 0.0125 Barber and 

Silberbush, 

1984 

[NO3


i,r,l] concentration of NH4
 at root or 

mycorrizal surfaces 

g N m3 [C23]   

[NO3


mn] concentration of NO3
at root or 

mycorrizal surfaces below which UNO3
 = 

0 

g N m3 [C23] 0.03 Barber and 

Silberbush, 

1984 



246 

 

[Npep(m4]' ratio of PEP carboxylase N in C4 

mesophyll to total leaf N 

g N g N-1 [C32] 0.025 
 

[Nrub(b4)]' ratio of RuBP carboxylase N in C4 bundle 

sheath to total leaf N 

g N g N-1 [C47] 0.025 
 

O2q aqueous O2 concentration in root or 

mycorrhizal aerenchyma 

g m-3 [C14c,d]   

O2r aqueous O2 concentration at root or 

mycorrhizal surfaces 

g m-3 [C14c,d]   

O2s aqueous O2 concentration in soil solution g m-3 [C14c,d]   

Oc [O2] in canopy chloroplasts in 

equilibrium with O2 in atm. 

mM [C6c,C6e]   

Pleaf maximum leaf structural P content g P g C-1 [C12] 0.10  

P'leaf minimum leaf structural P content g P g C-1 [C12] 0.33 x Pleaf  

Pprot P content of protein remobilized from leaf 

or root 

g P C-1 [C12,C18c] 0.04  

[lf] concentration of nonstructural root P 

uptake product in leaf 

g P g C-1 [C49] 
  

P root or mycorrhizal porosity m3 m-3 [C21b] 
0.1 – 0.5  

R gas constant J mol1 K1 [C10, C22] 8.3143  

Ra total autotrophic respiration g C m-2 h-1 [C13]   

Ra Ra under nonlimiting O2 g C m-2 h-1 [C14]   

Rc' specific autotrophic respiration of Ci,j at 

Tci = 25 oC 

g C g C-1 h-1 [C14] 0.015  

Rc autotrophic respiration of Ci,j or Ci,r,l g C m-2 h-1 [C13,C14,C

17, C15] 

  

Rg growth respiration  g C m-2 h-1 [C17,C20]   

rlf leaf stomatal resistance s m-1 [C25,C27,C

39] 

  

rlfmaxi leaf cuticular resistance s m-1 [C27] 
  

rlfmini,j,k,l,m,

n,o 

leaf stomatal resistance when ci = 0 s m-1 [C27,C28,C

35 

  

rli,j,k,l,m,n,o leaf stomatal resistance s m-1 [C2,C4,C9]   

rlmaxi leaf cuticular resistance s m-1 [C4]   

rlmini,j,k,l,m,

n,o 

leaf stomatal resistance when ci = 0 s m-1 [C4,C5,C9]   

Rm' specific maintenance respiration of Ci,j at 

Tci = 25 oC 

g C g N-1 h-1 [C16] 0.0115 Barnes et al. 

(1998) 

Rmi,j above-ground maintenance respiration  g C m-2 h-1 [C16,C17,C

15] 

  

rqi,r,l radius of root aerenchyma m [C14d]   
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rri,r,l root or mycorrhizal radius m [C14d,C21b,

c,C23a,c,e] 

1.0 × 104 or 

5.0 × 106 

 

Rsi,j respiration from remobilization of leaf C g C m-2 h-1 [C13,C15,C

18a, C20] 

  

rsl thickness of soil water films m [C14d]   

rx rate constant for root or mycorrhizal 

exudation 

h-1 [C19d,e,f] 0.001  

r dry matter content of root biomass g g-1 [C21b] 0.125  

S change in entropy J mol1 K1 [C10, C22] 710 Sharpe and 

DeMichelle 

(1977) 

C nonstructural C product of CO2 fixation g C g C-1 [C11,C19,C

23g,h,C50-

53] 

  

N nonstructural N product of root uptake g N g C-1 [C11,C19.C

23g,h,C51,C

53] 

  

P nonstructural P product of root uptake g P g C-1 [C11,C19,C

23g,h,C51,C

53] 

  

Tc canopy temperature K [C10, C22]   

UNH4i,r,l NH4
 uptake by roots or mycorrhizae g N m-2 h-1 [C23]   

U'NH4 maximum UNH4 at 25 oC and non-limiting 

NH4
     

g N m-2 h-1 [C23] 5.0 x 10-3 Barber and 

Silberbush, 

1984 

UNO3i,r,l NO3
 uptake by roots or mycorrhizae g N m-2 h-1 [C23]   

U'NO3 maximum UNO3 at 25 oC and non-limiting 

NO3
     

g N m-2 h-1 [C23] 5.0 x 10-3 Barber and 

Silberbush, 

1984 

UPO4i,r,l H2PO4
- uptake by roots or mycorrhizae g N m-2 h-1 [C23]   

U'PO4 maximum UPO4 at 25 oC and non-limiting 

H2PO4
-     

g N m-2 h-1 [C23] 5.0 x 10-3 Barber and 

Silberbush, 

1984 

UO2i,r,l O2 uptake by roots and mycorrhizae  

under ambient O2 

g O m-2 h-1 [C14b,c,C23

b,d,f] 

  

U O2i,l.r O2 uptake by roots and mycorrhizae under 

nonlimiting O2 

g O m-2 h-1 [C14b,c,C23

b,d,f] 

  

Uwi,r,l
 root water uptake m3 m-2 h-1 [C14d,C23]   

V(b4)i,j,k CO2 leakage from C4 bundle sheath to C4 

mesophyll 

g C m-2 h-1 [C39,C42] 
  

Vb' specific rubisco carboxylation at 25 oC mmol g -1 

rubisco s-1

[C6b] 45 Farquhar et 

al. (1980) 

Vb(b4)i,j,k CO2-limited carboxylation rate in C4 

bundle sheath 

mmol m-2 s-1 [C43,C44] 
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Vb(m4)i,j,k,l,

m,n,o 
CO2-limited carboxylation rate in C4 

mesophyll 

mmol m-2 s-1 [C26] 
  

Vbi,j,k,l,m,n,o CO2-limited leaf carboxylation rate mmol m-2 s-1 [C3,C6]   

Vbmax(b4)' RuBP carboxylase specific activity in C4 

bundle sheath at 25oC when ci = 0 and 

nutrients are nonlimiting 

mmol g-1 s-1 [C47] 75 
 

Vbmax(b4)i,j,

k 
CO2-nonlimited carboxylation rate in C4 

bundle sheath 

mmol m-2 s-1 [C44,C47] 
  

Vbmax(m4)' PEP carboxylase specific activity in C4 

mesophyll at 25oC when ci = 0 and 

nutrients are nonlimiting 

mmol g-1 s-1 [C32] 
150  

Vbmax(m4)i,j

,k 
CO2-nonlimited carboxylation rate in C4 

mesophyll  

mmol m-2 s-1 [C29,C32] 
  

Vbmaxi,j,k leaf carboxylation rate at non-limiting 

CO2, ci, Tc and N,P 

mmol m-2 s-1 [C6a,C6b,C

6c] 

  

Vc(b4)i,j,k,l,m

,n,o 

CO2 fixation rate in C4 bundle sheath mmol m-2 s-1 [C43] 
  

Vc(m4)i,j,k,l,

m,n,o 

CO2 fixation rate in C4 mesophyll  mmol m-2 s-1 [C24,C26,C

40,C41] 

  

Vc0(m4) 

i,j,k,l,m,n,o 

CO2 fixation rate in C4 mesophyll when 

ci = 0 MPa 

mmol m-2 s-1 [C28] 
  

Vci,j,k,l,m,n,o leaf CO2 fixation rate  mmol m-2 s-1 [C1,C3]   

Vc'i,j,k,l,m,n,

o 

leaf CO2 fixation rate when ci = 0  mmol m-2 s-1 [C5]   

Vg(m4)i,j,k,l,

m,n,o 

CO2 diffusion rate into C4 mesophyll mmol m-2 s-1 [C24,C25] 
  

Vgi,j,k,l,m,n,o leaf CO2 diffusion rate mmol m-2 s-1 [C1,C2]   

Vj' specific chlorophyll e- transfer at 25 oC mmol g -1 

chlorophyll 

s-1

[C8b] 450  Farquhar et 

al. (1980) 

Vj(b4)i,j,k,l,m

,n,o 

irradiance-limited carboxylation rate in 

C4 bundle sheath 

mmol m-2 s-1 [C43,C45a] 
  

Vj(m4)i,j,k,l,

m,n,o 

irradiance-limited carboxylation rate in 

C4 mesophyll 

mmol m-2 s-1 [C26,C30a] 
  

Vji,j,k,l,m,n,o irradiance-limited leaf carboxylation rate mmol m-2 s-1 [C3,C7a]   

Vo' specific rubisco oxygenation at 25 oC mmol g -1 

rubisco s-1

[C6d] 9.5 Farquhar et 

al. (1980) 

Vomaxi,j,k leaf oxygenation rate at non-limiting O2, 

ci, Tc and N,P 

mmol m-2 s-1 [C6c,d]   

VC4(b4)i,j,k decarboxylation of C4 fixation product in 

C4 bundle sheath 

g C m-2 h-1 [C38,C41,C

42] 

  

VC4(m4) transfer of C4 fixation product between C4 

mesophyll and bundle sheath 

g C m-2 h-1 [C37] 
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[lf] concentration of nonstructural root N 

uptake product in leaf 

g N g C-1 [C49] 
  

r specific volume of root biomass m3 g-1 [C21b] 
  

Wlf(b4) C4 bundle sheath water content g m-2 [C37,C39] 
  

Wlf(m4) C4 mesophyll water content g m-2 [C37] 
  

XCmn minimum fraction of remobilizable  C 

translocated out of leaf or root during 

senescence 

- [C18a] 
0.167 Kimmins 

(2004) 

XCmx maximum fraction of remobilizable  C 

translocated out of leaf or root during 

senescence 

- [C18a] 
0.50 Kimmins 

(2004) 

XN,P maximum fraction of remobilizable  N or 

P translocated out of leaf or root during 

senescence 

- [C18b,C18c] 
0.8 Kimmins 

(2004) 

xi,r,l,C   root and mycorrhizal C exudation g C m-2 h-1 [C19d] 
  

xi,r,l,N   root and mycorrhizal C exudation g N m-2 h-1 [C19e] 
  

xi,r,l,P   root and mycorrhizal C exudation g P m-2 h-1 [C19f] 

 

  

Y carboxylation yield from electron 

transport in C3 mesophyll 
mmol CO2 

mmol e- -1 

[C7a,b]   

Y(b4) carboxylation yield from electron 

transport in C4 bundle sheath 
mmol CO2 

mmol e- -1 

[C45a,b] 
  

Y(m4) carboxylation yield from electron 

transport in C4 mesophyll 
mmol CO2 

mmol e- -1 

[C30a,b] 
  

Yg fraction of Ci,j used for growth expended 

as Rgi,j,z by organ z 

g C g C-1 [C20] 0.28 (z = 

leaf), 0.24 (z 

= root and 

other non-

foliar), 0.20 

(z = wood) 

Waring and 

Running 

(1998) 

y plant population m-2 [C21]   

ZsC shoot-root C transfer g C m-2 h-1 [C50]   

ZsN,P shoot-root N,P transfer g N,P m-2 h-1 [C51]   

ZrC root-mycorrhizal C transfer g C m-2 h-1 [C52]   

ZrN,P root-mycorrhizal N,P transfer g N,P m-2 h-1 [C53]   

  CO2 compensation point in C3 mesophyll mM [C6a,C6c,C7

b] 

  

(b4) CO2 compensation point in C4 bundle 

sheath 

mM [C44,C45b] 
  

(m4)  CO2 compensation point in C4 mesophyll  mM [C29,C30b] 
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 shape parameter for response of J to I  - [C8a] 0.7  

 shape parameter for response of J to I - [C31,C46] 0.75 
 

 area:mass ratio of leaf growth m g-3 [C21] 0.0125 Grant and 

Hesketh 

(1992) 

C4(b4) non-structural C4 fixation product in C4 

bundle sheath 

g C m-2 [C37,C38,C

41] 

  

C4(m4) non-structural C4 fixation product in C4 

mesophyll 

g C m-2 [C37,C40] 
  

[c3(b4)] concentration of non-structural C3 

fixation product in C4 bundle sheath  

g g-1 [C49] 
  

[C4(m4)] concentration of non-structural C4 

fixation product in C4 mesophyll 

mM [C34] 
  

 quantum yield mmol e- 

mmol quanta-

1 

[C8a] 0.45 Farquhar et 

al. (1980) 

 quantum yield mmol e- 

mmol quanta-

1 

  [C31,C46] 
0.45  Farquhar et 

al., (1980) 

Cc(b4) conductance to CO2 leakage from C4 

bundle sheath 

h-1 [C39] 20 
 

t canopy turgor potential MPa [C4] 1.25 at c = 

0 
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Appendix D: Soil Water,  Heat, Gas and Solute Fluxes 

Surface Water Flux 

Qrx(x,y) = vx(x,y) dmx,y Ly(x,y) 

 

 

lateral water transfer 

from 2D Manning 

equation in x (EW) and  

y (NS) directions 

topographically-driven 

snowpack snow s, water 

w and ice i transfer in x 

(EW) and  y (NS) 

directions 

 

[D1a] 

 

 

[D1b] 

 

Q(s,w,i)x(x,y) = (2 F [(Zx,y + zsx,y) – (Zx+1,y  + zsx+1,y)]/ (Lx(x,y) + Lx(x+1,y))) V(s,w,i) 

Q(s,w,i)y(x,y) = (2 F [(Zx,y + zsx,y) – (Zx,y+1  + zsx,y+1)]/ (Lx(x,y) + Lx(x,y+1))) V(s,w,i) 

 

dx,y = max(0, dw(x,y) + di(x,y)  ds(x,y)) dw(x,y) / (dw(x,y) + di(x,y)) surface water depth  [D2] 

 

vx(x,y) = R0.67 sx(x,y)
0.5 / zr(x,y) runoff velocity over E 

slope 

[D3] 

 

vy(x,y) = R0.67 sy(x,y)
0.5 / zr(x,y) runoff velocity over S 

slope 

vx(x,y) = R0.67 sx(x,y)
0.5 / zr(x,y) runoff velocity over W 

slope 

vy(x,y) = R0.67 sy(x,y)
0.5 / zr(x,y) runoff velocity over N 

slope 

(dw(x,y)Ax,y) / t = Qr,x(x,y)  Qr,x+1(x,y) + Qr,y(x,y)  Qr,y+1(x,y)  + P - Ex,y  - Qwz(x,y,1) 2D kinematic wave 

theory for overland flow 

[D4] 

R = sr dm / [2 (sr
2 + 1) 0.5] wetted perimeter [D5a] 

 

[D5b] 

 

sx(x,y) = 2 abs[(Zx,y + dsx,y + dmx,y)  (Zx+1,y + dsx+1,y + dmx+1,y)] / (Lx(x,y) + 

Lx(x+1,y)) 

 

sy(x,y) = 2 abs[(Zx,y + dsx,y + dmx,y)  (Zx,y+1 + dsx,y+1 + dmx,y+1)] / (Ly(x,y) + 

Ly(x,y+1)) 

2D slope from 

topography and pooled 

surface water in x (EW) 

and y (NS) directions 

LEl = L (ea – el(Tl,l)
) / ral 

 

LEs = L (ea – es(Ts,s)) / ras  

evaporation from surface 

litter  

 

evaporation from soil 

surface 

[D6a] 

 

[D6b] 

Subsurface Water Flux 

Qwx(x,y,z) = Kx (sx,y,z  sx+1,y,z)   3D Richard’s or Green-

Ampt  

equation depending on 

saturation 

of source or target cell in 

x (EW), y (NS) and  z 

(vertical) directions 

[D7] 

 
Qwy(x,y,z) = Ky (sx,y,z  sx,y+1,z) 

Qwz(x,y,z) = Kz (sx,y,z  sx,y,z+1) 

w x,y,z /t = (Qwx(x,y)  Qwx+1(x,y) + Qwy(x,y)  Qwy+1(x,y) + Qwz(x,y)  Qwz+1(x,y)  +  

Qf(x,y,z)) / Lz(x,y,z) 

3D water transfer plus 

freeze-thaw 

[D8] 

Kx = 2 Kx,y,z Kx+1,y,z / (Kx,y,z Lx,(x+1,y,z) + Kx+1,y,z Lx,(x,y,z)) in direction x if source 

and destination cells are 

unsaturated 

[D9a] 

= 2 Kx,y,z / (Lx(x+1,y,z) + Lx(x,y,z)) in direction x if source 

cell is saturated 

[D9b] 
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= 2 Kx+1,y,z / (Lx(x+1,y,z) + Lx(x,y,z)) in direction x if 

destination cell is 

saturated 

Ky = 2 Kx,y,z Kx,y+1,z / (Kx,y,z Ly(x,y+1,z) + Kx,y+1,z Ly(x,y,z)) in direction y if source 

and destination cells are 

unsaturated 

[D9a] 

= 2 Kx,y,z / (Ly(x,y+1,z) + Ly(x,y,z)) in direction y if source 

cell is saturated 

[D9b] 

= 2 Kx,y+1,z / (Ly(x,y+1,z) + Ly(x,y,z)) in direction y if 

destination cell is 

saturated 

Kz = 2 Kx,y,z Kx,y,z+1 / (Kx,y,z Lz(x,y,z+1) + Kx,y,z+1 Lz(x,y,z)) in direction z if source 

and destination cells are 

unsaturated 

[D9a] 

= 2 Kx,y,z / (Lz(x,y,z+1) + Lz(x,y,z)) in direction z if source 

cell is saturated  

[D9b] 

= 2 Kx,y,z+1/ (Lz(x,y,z+1) + Lz(x,y,z)) in direction z if 

destination cell is 

saturated 

Exchange with Water Table 

Qtx(x,y,z) = Kx,y,z  [′  sx,y,z + 0.01 (dzx,y,z  dt)] / (Ltx + 0.5 Lx,(x,y,z)) if sx,y,z > ′ + 

0.01(dzx,y,z  dt) in x 

(EW) and y (NS) 

directions for all depths  

z from dzx,y,z to dt  

or if dzx,y,z  dt  

[D10] 

Qty(x,y,z) = Kx,y,z  [′  sx,y,z + 0.01 (dzx,y,z  dt)] / (Lty + 0.5 Ly,(x,y,z)) 

Heat Flux 

Rn + LE + H + G = 0 for eachcanopy,  snow, 

residue and soil surface, 

depending on exposure 

[D11] 

G x(x,y,z) = 2 (x,y,z),(x+1,y,z) (T(x,y,z) - T(x+1,y,z)) / ( Lx (x,y,z)+ Lx (x+1,y,z)) + cw T(x,y,z) 

Qwx(x,y,z) 

3D conductive – 

convective heat flux 

among snowpack, surface 

residue and soil layers in 

x (EW), y (NS) and z 

(vertical) directions 

 

 

[D12a] 

G y(x,y,z) = 2 (x,y,z),(x,y+1,z) (T(x,y,z) - T(x,y+1,z)) / ( Ly (x,y,z)+ Ly (x,y+1,z)) + cw T(x,y,z) 

Qwy(x,y,z) 

[D12b] 

G z(x,y,z) = 2 (x,y,z),(x,y,z+1) (T(x,y,z) - T(x,y,z+1)) / ( Lz (x,y,z)+ Lz (x,y,z+1)) + cw T(x,y,z) 

Qwz(x,y,z) 

 

[D12c] 

 

 

(x,y,z) = (Wo(x,y,z) Vo(x,y,z) o(x,y,z) + Wm(x,y,z) Vm(x,y,z) m(x,y,z)  + Ww(x,y,z) Vw(x,y,z) 

w(x,y,z)   

                     + Wi(x,y,z) Vi(x,y,z) i(x,y,z)  + Wa(x,y,z) Va(x,y,z) a(x,y,z) ) / (Wo(x,y,z) Vo(x,y,z) + 

Wm(x,y,z) Vm(x,y,z)  

                     + Ww(x,y,z) Vw(x,y,z) + Wi(x,y,z) Vi(x,y,z) + Wa(x,y,z) Va(x,y,z) ) 

            

thermal conductivity of 

soil and surface litter 

[D12d] 

s(x,y) = 8.28 x 10-5 + 8.42 x 10-4 s                                                 (s < 

0.156) 

thermal conductivity of 

snow 

[D12e] 

s(x,y) = 4.97 x 10-4 - 3.64 x 10-3 s + 1.16 x 10-2 s
2                        (s > 

0.156)

thermal conductivity of 

snow 
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G x(x-1,y,z) - G x(x,y,z) + G y(x,y-1,z)  - G y(x,y,z) + G z(x,y,z-1) - G z(x,y,z) + LQf(x,y,z) + c(x,y,z) 

(T(x,y,z) - T'(x,y,z)) /t = 0 

3D general heat flux 

equation driving freezing-

thawing in snowpack, 

surface residue and soil 

layers  

 

[D13] 

Gas Flux 

Qdsx,y,z = agsx,y,z Dd (S ftdx,y,z [gs]x,y,z - [ss]x,y,z) 

Qdrx,y,z = agrx,y,z Dd (S ftdx,y,z [gr]x,y,z - [sr]x,y,z) 

volatilization – 

dissolution between 

aqueous and gaseous 

phases in soil and root 

[D14a] 

 

[D14b] 

 

Qgszx,y,1  = gax,y {[a] - {2 [gs]x,y,1Dgsz(x,y,1) / Lz(x,y,1) + gax,y [a]}/{2 Dgsz(x,y,1) / 

Lz(x,y,1) + gax,y}} 

 

Qdsx,y,1 = agsx,y,1 Dd (S ftdx,y,1 [a] - [ss]x,y,1) 

 

volatilization – 

dissolution between 

gaseous and  aqueous 

phases at the soil surface 

(z = 1) and the 

atmosphere 

[D15a] 

 

[D15b] 

Qgsx(x,y,z) = - Qwx(x,y,z) [gs]x,y,z + 2 Dgsx(x,y,z)([gs]x,y,z - [gs]x+1,y,z) / ( Lx (x,y,z)+ Lx 

(x+1,y,z)) 
 

Qgsy(x,y,z) = - Qwy(x,y,z) [gs]x,y,z + 2 Dgsy(x,y,z) ([gs]x,y,z - [gs]x,y+1,z) / ( Ly (x,y,z)+ Ly 

(x,y+1,z)) 

 

Qgsz(x,y,z) = - Qwz(x,y,z) [gs]x,y,z + 2 Dgz(x,y,z) ([gs]x,y,z - [gs]x,y,z+1) / ( Lz (x,y,z)+ Lz 

(x,y,z+1)) 

 

Qgrz(x,y,z) =   Dgrz(x,y,z) ([gr]x,y,z - [a])/ Σ1,z Lz (x,y,z) 

3D convective  - 

conductive  gas 

flux among soil layers in 

x (EW), y (NS) and z 

(vertical) directions,  

 

 

 

convective  - conductive  

gas 

flux between roots and 

the atmosphere  

[D16a] 

 

[D16b] 

 

[D16c] 

 

[D16d] 

Dgsx(x,y,z) = Dg  ftgx,y,zgx,y,z + gx+1,y,z)]2 / psx,y,z
0.67 

 

Dgsy(x,y,z) = Dg  ftgx,y,zgx,y,z + gx,y+1,z)]2 / psx,y,z
0.67 

 

Dgsz(x,y,z) = Dg  ftgx,y,zgx,y,z + gx,y,z+1)]2 / psx,y,z
0.67 

 

Dgrz(x,y,z) = Dg  ftgx,y,zprx,y,z 1.33 Ar (x,y,z) /A x,y 

gasous diffusivity as a 

function 

of air-filled porosity in 

soil 

 

 

gasous diffusivity as a 

function 

of air-filled porosity in 

roots 

[D17a] 

 

[D17b] 

 

[D17c] 

 

[D17d] 

 

 

Qbz = min[0.0, {(44.64 wx,y,z 273.16 / T(x,y,z)) – Σ ([s]x,y,z / (S ftdx,y,zM))}]  

            ([s]x,y,z / ( S ftdx,y,zM)) / Σ ([s]x,y,z / ( S ftdx,y,zM)) S ftdx,y,z M 

Vx,y,z 

 

bubbling (-ve flux) when 

total of all partial gas 

pressures exceeds 

atmospheric pressure 

 

[D18] 

   

Solute Flux 
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Qax(x,y,z) = - Qwx(x,y,z) [ss]x,y,z + 2 Dsx(x,y,z)([s]x,y,z - [s]x+1,y,z) / ( Lx (x,y,z) + Lx 

(x+1,y,z)) 

 

Qay(x,y,z) = - Qwy(x,y,z) [ss]x,y,z + 2 Dsy(x,y,z) ([s]x,y,z - [s]x,y+1,z) / ( Ly (x,y,z) + Ly 

(x,y+1,z)) 

 

Qaz(x,y,z) = - Qwz(x,y,z) [ss]x,y,z + 2 Dsz(x,y,z) ([s]x,y,z - [s]x,y,z+1) / ( Lz (x,y,z) + Lz 

(x,y,z+1)) 

 

3D convective  - 

dispersive  solute flux 

among soil layers in x 

(EW), y (NS) and z 

(vertical) directions 

 

 

 

[D19a] 

 

[D19b] 

 

[D19c] 

 

Qr(x,y,z) =  - Qwr(x,y,z) 
[ss] x,y,z + 2Li,r Ds ([ss]  [rri,r]) ln{(rs  rri,r) / rri,r} 

                                          + 2Li,r Dr ([sri,r]  [ rri,r]) ln(rqi,r) / rri,r)  

 

 

Dsx(x,y,z)  = Dqx(x,y,z) Qwx(x,y,z)+ Ds ftsx,y,z wx,y,z + wx+1,y,z)] 

 

Dsy(x,y,z)  = Dqy(x,y,z) Qwy(x,y,z)+ Ds ftsx,y,z wx,y,z + wx+1,y,z)] 

 

Dsz(x,y,z)  = Dqz(x,y,z) Qwz(x,y,z)+ Ds ftsx,y,z wx,y,z + wx+1,y,z)] 



Dr(x,y,z)  =   Dqr  Qwr(x,y,z)+ Ds ftsx,y,z wx,y,z  

convective  - dispersive  

solute flux between soil 

and root aqueous phases 

 

aqueous dispersivity in 

soil as functions of water 

flux and water-filled 

porosity in x, y and z 

directions 

 

 

aqueous dispersivity to 

roots as functions of 

water flux and water-

filled porosity 

[D19d] 

 

 

 

[D20a] 

 

[D20b] 

 

[D20c] 

 

[D20d] 

 

 

Dqx(x,y,z)  = 0.5  ( Lx (x,y,z)+ Lx (x+1,y,z))

 

Dqy(x,y,z)  = 0.5  ( Ly (x,y,z)+ Ly (x,y+1,z))

 

Dqz(x,y,z)  = 0.5  ( Lz (x,y,z)+ Lz (x,y,z+1))



 

 

dispersivity as a function 

of water flow length 

 

[D21a] 

 

[D21b] 

 

[D21c] 

 

 

           

Definition of Variables in Appendix D 

Variable Definition Unit Equation Value Reference 
 

subscripts 

x grid cell  position in west to east direction     

y grid cell  position in north to south direction     

z grid cell  position in vertical direction   z = 0: 

surface 

residue, z = 

1 to n: soil 

layers 

 

variables 

A area of landscape position m2 [D17c]   

Ar root cross-sectional area of landscape 

position 

m2 [D17c]   

agr air-water interfacial area in roots m2 m-2 [D14b]   
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ags air-water interfacial area in soil m2 m-2 [D14a,D15b

] 

 Skopp 

(1985) 

 dependence of Dq on L - [D21] 0.20  

 dependence of Dq on L - [D21] 1.07  

c heat capacity of soil MJ m-2 oC-1 [D13]   

cw heat capacity of water MJ m-3 oC-1 [D12] 4.19  

Dd volatilization - dissolution transfer 

coefficient for gas  

m2 h-1 [D14,D15a]   

Dgr gaseous diffusivity of gas in roots m2 h-1 [D16d,D17d

] 

 Luxmoore 

et al. 

(1970a,b) 

Dgs gaseous diffusivity of gas in soil m2 h-1 [D15a,D16a

,b,c,D17a,b,

c] 

 Millington 

and Quirk 

(1960) 

Dg diffusivity of gas   in air at 0 oC m2 h-1 [D17] 6.43 x 10-2 

for  = O2 

Campbell 

(1985) 

Dqr dispersivity in roots m [D20d] 0.004  

Dq dispersivity in soil m [D20,D21]   

Dr aqueous diffusivity of gas or solute in 

roots 

m2 h-1 [D19d,D20d

] 

  

Ds aqueous diffusivity of gas or solute in soil m2 h-1 [D19,D20]   

Ds diffusivity of gas   in water at 0 oC m2 h-1 [D20] 8.57 x 10-6 

for  = O2 

Campbell 

(1985) 

dm depth of mobile surface water m [D1a,D2,D5

a,D6] 

  

di depth of surface ice m [D2]   

ds maximum depth of surface water storage m [D2,D5b]   

dt depth of external water table m [D10]   

dw depth of surface water m [D1,D2]   

dz depth to mid-point of soil layer m [D10]   

E evaporation or transpiration flux m3 m-2 h-1 [D4,D11]   

ea atmospheric vapor density m3 m-3 [D6]   

el(Tl,l)
 surface litter vapor density at current Tl and 

l 

g m-3 [D6a]   

es(Ts,s) soil surface vapor density at current Ts and 

s 

g m-3 [D6b]   

F rate constant for lateral transfer of V(s,w,i) h-1 [D1b] 0.005  

ftd temperature dependence of S - [D14,D15b,

D18] 

 Wilhelm et 

al. (1977) 

ftg temperature dependence of Dg - [D17]  Campbell 

(1985) 
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fts temperature dependence of Ds - [D20]  Campbell 

(1985) 

G soil surface heat flux m3 m-2 h-1 [D11]   

G x , G y , 
G z 

soil heat flux in x, y or z directions MJ m-2 h-1 [D12,D13]   

ga boundary layer conductance m h-1 [D15a]   

 gas (H2O, CO2, O2, CH4, NH3, N2O, N2, H2) 

or solute (from appendix E) 

 [D14,D15]   

[a] atmospheric concentration of gas  g m-3 [D15,D16d]   

[gr] gasous concentration of gas in roots g m-3 [D14b,D16d

] 

  

[gs] gasous concentration of gas in soil g m-3 [D14a,D15a

,D16a,D16b,

D16c] 

  

[sr] aqueous concentration of gas in roots g m-3 [D14b, 

D19d] 

  

[rr] aqueous concentration of gas at root 

surface 

g m-3 [D19b]   

[ss] aqueous concentration of gas in soil g m-3 [D14a,D15b

,D18,D19] 

  

H sensible heat flux MJ m-2 h-1 [D11]   

K hydraulic conductivity m2 MPa1 h1 [D9,D10]  Green and 

Corey 

(1971) 

Kx , Ky  

,Kz 

hydraulic conductance in x, y or z directions m MPa1 h1 [D7,D9]   





s



o, m, w, i, 

a

 

bulk thermal conductivity of soil or surface 

litter  

 

bulk thermal conductivity of snowpack 

 

thermal conductivity of  organic matter, 

mineral 

water, ice and air 

 

MJ m-1 h1 oC-1 

 

MJ m-1 h1 oC-1 

 

 

MJ m-1 h1 oC-1 

[D12a,b,c,d,

e] 

 

[D12e] 

 

[D12d] 

 

 

 

 

9.05 x 10-4, 

1.06 x 10-2, 

2.07 x 10-3, 

7.84 x 10-3, 

9.05 x 10-5 

de Vries 

(1963) 

 

Sturm et al. 

(1997) 

 

 

Li root length m m-2 [D19d]   

Lt distance from boundary to external water 

table in x or y directions 

m [D10]   

Lx , Ly , 
Lz 

length of landscape element in x, y or z 

directions 

m [D1a,D1b,D

5b,D8,D9,D

10,D12,D15

a,D16,D19] 

  

LEl latent heat flux from surface litter [D6a] MJ m-2 h-1   

LEs latent heat flux from soil surface  [D6b] MJ m-2 h-1   

L latent heat of evaporation MJ m-3 [D6,D11,D1

3] 

2460  

M atomic mass of gas  g mol-1 [D18]   
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P precipitation flux m3 m2 h1 [D4]   

      

Qa       aqueous flux of gas or 

solute in soil 

        g m-2 h-1   [D19a,b,c]  

Qbz bubbling flux g m-2 h-1 [D18]   

Qdr volatilization – dissolution of gas  between 

aqueous and gaseous phases in roots 

g m-2 h-1 [D14b]   

Qds volatilization – dissolution of gas  between 

aqueous and gaseous phases in soil 

g m-2 h-1 [D14a,D15b

] 

  

Qf freeze-thaw flux (thaw +ve) m3 m2 h1 [D8,D13]   

Qgr gaseous flux of gas  between roots and the 

atmosphere 

g m-2 h-1 [D16d]   

Qgs gaseous flux of gas  in soil g m-2 h-1 [D15a,D16a

,b,c] 

  

Qrx, Qry 

 

surface water flow in x or y directions m3 m2 h1 [D1a,D4] 

 

  

Qr aqueous flux of gas or solute  from soil 

and root aqueous phases to root surface 

 

g m-2 h-1 [D19d] 

 

  

Q(s,w,i) lateral redistribution of snowpack snow s, 

water w and ice i  in x or y directions 

m3 m2 h1 [D1b]   

Qt water flux between boundary grid cell and 

external water table in x or y directions  

m3 m2 h1 [D10]   

Qwr root water uptake m3 m2 h1 [D19d, 

D20d] 

  

Qwx,Qwy,

Qwz 

subsurface water flow in x, y or z directions m3 m2 h1 [D4,D7,D8,

D12,D16,D

19,D20] 

  

g air-filled porosity m3 m3 [D17a,b,c]   

pr root porosity m3 m3 [D17d] dryland spp. 

0.10  

wetland spp. 

0.20 

Luxmoore 

et al. 

(1970a,b) 

ps soil porosity m3 m3 [D17a,b,c]   

w water-filled porosity m3 m3 [D8,D18,D2

0] 

  

R ratio of cross-sectional area to perimeter of 

surface flow 

m [D3,D5a]   

Rn net radiation  MJ m-2 h-1 [D11]   

ral surface litter boundary layer resistance m h-1 [D6a]   

ras Soil surface boundary layer resistance m h-1 [D6b]   

rqi,r radius of root or mycorrhizal aerenchyma   m  [D19d]   

rri,r root or mycorrhizal radius m [D19d] 1.0 × 104 or 

5.0 × 106 
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rs 

 

s 

 

thickness of soil water films 

 

density of snowpack 

m 

 

Mg m-3 

[D19d, 

D21d] 

 

[D12e] 

  

S Ostwald solubility coefficient of gas at 30 
oC 

- [D14,D15b,

D18] 

0.0293 for  

= O2 

Wilhelm et 

al. (1977) 

sr slope of channel sides during surface flow m m1 [D5a]   

sx , sy slope in x or y directions m m1 [D3,D5b]   

T soil temperature oC [D12,D18]   





Vo, m, w, i, 

a 

 

tortuosity 

 

volumetric ratios of  organic matter, mineral 

water, ice and air 

 

- 

 

- 

[D20] 

 

[D12d] 

  

V(s,w,i) Volume of snow s, water w and ice i in 

snowpack 

m3 m-2 [D1b]   

vx , vy 

 

Wo, m, w, 

i, a 

velocity of surface flow in x or y directions 

 

weighting factors for organic matter, 

mineral 

water, ice and air 

m h1 

 

- 

[D1a,D3] 

 

[D12d]                     

 

 

1.253, 

0.514, 1.00 

0.611, 1.609 

 

 

de Vries 

(1963) 

 

      

′ soil water potential at saturation MPa [D10] 5.0 x 10-3  

s soil water potential MPa [D7,D10]   

Z surface elevation m [D1b,D5b]   

zs snowpack depth m [D1b]   

zr Manning's roughness coefficient m1/3 h [D3] 0.01  
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Appendix E: Solute Transformations 

 
Precipitation - Dissolution Equilibria 

Al(OH)
3(s)

  (Al
3+ 

) + 3 (OH
- 
)   (amorphous Al(OH)

3
)  -33.0 [E1] 1

 

Fe(OH)
3(s)

  (Fe
3+ 

) + 3 (OH
- 
)   (soil Fe)    -39.3 [E2] 

CaCO
3(s)  (Ca

2+ 
) + (CO

3

2- )   (calcite)       -9.28 [E3]   

 CaSO
4(s)  (Ca

2+ ) + (SO
4

2- )   (gypsum)   -4.64 [E4]   

AlPO
4(s)  (Al

3+ ) + (PO
4

3- )   (variscite)   -22.1 [E5] 2  

FePO
4(s)  (Fe

3+ ) + (PO
4

3- )   (strengite)   -26.4 [E6] 

Ca(H
2
PO

4
)

2(s)  (Ca
2+ ) + 2 (H

2
PO

4

- 
)  (monocalcium phosphate)  -1.15 [E7] 3 

CaHPO
4(s)

  (Ca
2+ ) + (HPO

4

2- )   (monetite)   -6.92 [E8] 

Ca
5
(PO

4
)

3
OH

(s)
  5 (Ca

2+ ) + 3 (PO
4

3- ) + (OH
- 
)   (hydroxyapatite)   -58.2 [E9] 

 

Cation Exchange Equilibria 4 

X-Ca + 2 (NH
4

+ 
) 2 X-NH

4
 + (Ca

2+ )      1.00 [E10] 

3 X-Ca + 2 (Al
3+ ) 2 X-Al + 3 (Ca

2+ )      1.00 [E11] 

X-Ca + (Mg
2+ ) X-Mg + (Ca

2+ )       0.60 [E12] 

X-Ca + 2 (Na
+ 

) 2 X-Na + (Ca
2+ )      0.16 [E13] 

X-Ca + 2 (K
+ 

) 2 X-K + (Ca
2+ )       3.00 [E14] 

X-Ca + 2 (H
+ 

)  2 X-H + (Ca
2+ )       1.00 [E15] 

3 X-Al + 2 (X-Ca + X-Mg) + X-NH4 + X-K + X-Na + X-H = CEC    [E16] 

 

Anion Adsorption Equilibria 

X-OH
2

+  
 X-OH + (H

+ 
)        -7.35 [E17] 

X-OH  X-O
-
 + (H

+ 
)        -8.95 [E18] 

X-H
2
PO

4
 + H

2
O  X-OH

2

+
 + (H

2
PO

4

-  
)      -2.80 [E19] 

X-H
2
PO

4
 + (OH

- 
)  X-OH + (H

2
PO

4

-  
)      4.20 [E20] 

X-HPO
4

-  
+ (OH

- 
)  X-OH + (HPO

4

2- 
)      2.60 [E21] 

X-OH
2

+  
+ X-OH + X-O

-
 + X-H

2
PO

4
+ X-HPO

4

-  
+ C

-
= AEC    [E22] 

 

 

Organic Acid Equilibria 

X-COOH C
-
(H

+ 
)       -5.00 [E23] 

 

 

 

                                                 
1 Round brackets denote solute activity. Numbers in italics denote log K (precipitation-dissolution, ion pairs), Gapon 

coefficient (cation exchange) or log c (anion exchange). 
2 All equlilibrium reactions involving N and P are calculated for both band and non-band volumes if a banded 

fertilizer application has been made. These volumes are calculated dynamically from diffusive transport of soluble N 

and P. 
3 May only be entered as fertilizer, not considered to be naturally present in soils. 
4 X- denotes surface exchange site for cation or anion adsorption. 
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Ion Pair Equilibria 

(NH
4

+ 
)  (NH

3
)

(g)
 + (H

+ 
)        -9.24 [E24]  

H
2
O  (H

+ 
) + (OH

- 
)        -14.3 [E25] 

(CO
2
)

(g)
 + H

2
O  (H

+ 
) + (HCO

3

- 
)       -6.42 [E26] 

(HCO
3

- 
)  (H

+ 
) + (CO

3

2- )       -10.4 [E27] 

(AlOH
2+ )  (Al

3+ ) + (OH
- 
)       -9.06 [E28] 

(Al(OH)
2

+ 
)  (AlOH

2+ ) + (OH
- 
)       -10.7 [E29] 

(Al(OH)
3

0 
)  (Al(OH)

2

+ 
) + (OH

- 
)       -5.70 [E30] 

(Al(OH)
4

- 
)  (Al(OH)

3

0 
) + (OH

- 
)       -5.10 [E31] 

(AlSO
4

+ )  (Al
3+ ) + (SO

4

2- )       -3.80 [E32] 

(FeOH
2+ )  (Fe

3+ ) + (OH
- 
)       -12.1 [E33] 

(Fe(OH)
2

+ 
)  (FeOH

2+ ) + (OH
- 
)       -10.8 [E34] 

(Fe(OH)
3

0 
)  (Fe(OH)

2

+ 
) + (OH

- 
)       -6.94 [E35] 

(Fe(OH)
4

- 
)  (Fe(OH)

3

0 
) + (OH

- 
)       -5.84 [E36] 

(FeSO
4

+ )  (Fe
3+ ) + (SO

4

2- )       -4.15 [E37] 

(CaOH
+ 

)  (Ca
2+ ) + (OH

- 
)       -1.90 [E38]   

(CaCO
3

0 
)  (Ca

2+ ) + (CO
3

2- )       -4.38 [E39]   

(CaHCO
3

+ 
)  (Ca

2+ ) + (HCO
3

- 
)       -1.87 [E40]   

(CaSO
4

0 
)  (Ca

2+ ) + (SO
4

2- )       -2.92 [E41] 

(MgOH
+ 

)  (Mg
2+ ) + (OH

- 
)       -3.15 [E42]   

(MgCO
3

0 
)  (Mg

2+ ) + (CO
3

2- )       -3.52 [E43] 

(MgHCO
3

+ 
)  (Mg

2+ ) + (HCO
3

- 
)       -1.17 [E44] 

(MgSO
4

0 
)  (Mg

2+ ) + (SO
4

2- )       -2.68 [E45] 

(NaCO
3

- 
)  (Na

+ 
) + (CO

3

2- )       -3.35 [E46] 

(NaSO
4

- 
)  (Na

+ 
) + (SO

4

2- )       -0.48 [E47] 

(KSO
4

- 
)  (K

+ 
) + (SO

4

2- )       -1.30 [E48] 

(H
3
PO

4
)  (H

+ 
) + (H

2
PO

4

- 
)       -2.15 [E49] 

(H
2
PO

4

- 
)  (H

+ 
) + (HPO

4

2- )       -7.20 [E50] 

(HPO
4

2- )  (H
+ 

) + (PO
4

3- )       -12.4 [E51] 

(FeH
2
PO

4

2+ )  (Fe
3+ ) + (H

2
PO

4

- 
)       -5.43 [E52] 

(FeHPO
4

+ 
)  (Fe

3+ ) + (HPO
4

2- )       -10.9 [E53] 

(CaH
2
PO

4

+ 
)  (Ca

2+ ) + (H
2
PO

4

- 
)       -1.40 [E54] 

(CaHPO
4

0 
)  (Ca

2+ ) + (HPO
4

2- )       -2.74 [E55] 

(CaPO
4

- 
)  (Ca

2+ ) + (PO
4

3- )       -6.46 [E56] 

(MgHPO
4

0 
)  (Mg

2+ ) + (HPO
4

2- )       -2.91 [E57] 
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Appendix F: Symbiotic N2 Fixation  
 

Microbial Growth 

Rmaxi,l = Mni,l R [ni,l] / ([ni,l] + Kn) ft  fNP respiration demand  [F1] 

ft = Tl {exp[B  Ha / (R Tl)]} /{1 + exp[(Hdl  STl) / (RTl)] + exp[(STl  Hdh) 

/ (R Tl)]} 

Arrhenius function  [F2] 

fNP = min{[Nni,l] / [Nn], [Pni,l] / [Pn]} N or P limitation  [F3] 

Ri,l = Rmaxi,l (VO2i,l / VO2maxi,l) O2 limitation  [F4] 

VO2maxi,l = 2.67 Rmaxi,l O2 demand  [F5] 

VO2i,l = VO2maxi,l [O2ri,l] / ([O2ri,l] + KO2r) equilibrate O2 uptake 

with supply 

 [F6a] 

         = 2Lri,l DsO2
 ([O2l] [O2ri,l]) / ln((rri,l + rwl)) / rri,l)   [F6b]  

Rmi,l = Rm Nni,l  ftm maintenance 

respiration 

 [F7] 

ftm = e[y (Tl  298.16)] temperature function  [F8] 

Rgi,l = max{0.0, Ri,l  Rmi,l} growth + fixation 

respiration 

 [F9] 

Rsi,l = max{0.0, Rmi,l  Ri,l} microbial senescence  [F10] 

LCi,l = Rsi,l  min{Mni,l / (2.5 Nni,lMni,l / (25.0 Pni,l microbial C litterfall  [F11] 

N2 Fixation 

VN2i,l = min{Rgi,l EN2
 fCP, Mni,l [Nn]Nni,l[N2ri,l] / ([N2ri,l] + KN2r) rate of N2 

fixation 

 [F12] 

fCP = min{[ni,l] / (1.0 + [ni,l] / KIn
), [ni,l] / (1.0 + [ni,l] / KIn

)} product 

inhibition of N2 

fixation 

 [F13] 

RN2i,l = VN2i,l /EN2
 fixation 

respiration  

 [F14] 

Ui,l = (Rgi,l - RN2i,l) / (1 - Yn) growth 

respiration 

 [F15]  

Mni,l / t = Ui,l Yn LCi,l microbial C 

growth 

 [F16] 

Nni,l / t = Mni,l / t min{ni,l /ni,l, [Nn]  microbial N 

growth 

Mndi,l/t 

> 0 

[F17a]  

Nni,l / t = Nni,l /Mni,lMni,l /t microbial N 

growth 

Mndi,l/t 

< 0 

[F17b] 

Pni,l /t = Mni,l /t min{ni,l /ni,l, [Pn] microbial P 

growth 

Mndi,l/t 

> 0 

[F18a] 

Pni,l /t = Pni,l /Mni,lMni,l /t microbial P 

growth 

Mndi,l/t 

< 0 

[F18b] 

LNi,l = abs(Nni,l /t) microbial N 

litterfall

Nndi,l/t 

< 0

[F19] 

LPi,l = abs(Pni,l /t) microbial P 

litterfall

Pndi,l/t 

< 0

[F20] 

Nodule – Root Exchange 
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Vi,l =  (ri,l Mni,l - ni,l Mri,l) / (Mni,l + Mri,l) nodule–root C 

exchange 

 [F21] 

Vi,l =  (ri,l ni,l - ni,l ri,l) / (ni,l + ri,l) nodule–root N 

exchange 

 [F22] 

Vi,l =  (ri,l ni,l - ni,l ri,l) / (ni,l + ri,l) nodule–root P 

exchange 

 [F23] 

ni,l /t = Vi,l - min{Rmi,l, Ri,l} - RN2i,l - Ui,l + FLC l LCi,l nodule 

nonstructural C  

 [F24] 

ni,l /t = Vi,l - Nni,l /t + VN2i,l + FLN l LNi,l nodule 

nonstructural N 

 [F25] 

ni,l /t = Vi,l - Pni,l /t + FLP l LPi,l nodule 

nonstructural P 

 [F26] 

 

 

Definition of Variables in Appendix F 

Variable Definition Units Equations Input 

Values 

Referenc

e 

B parameter such that ft = 1.0 at Tl = 298.15 

K 

 F2 17.533  

ni,l nodule nonstructural C g m-2 F17a,F18a,F

21,F22,B23,

B24 

  

[ni,l] nodule nonstructural C concentration  g g-1 F1,F13   

ri,l root nonstructural C g m-2 F21,F22,F2

3 

  

DsO2
 diffusivity of aqueous O2 m2 h-1 F6b   

EN2
 direct energy cost of N2 fixation g N g C-1 F12,F14 0.25  Gutschick

, (1981), 

Voisin et 

al., (2003) 

FLC l fraction of nodule C litterfall remobilized 

as nonstructural C 

- F24   

FLN l fraction of nodule N litterfall remobilized 

as nonstructural N 

- F25   

FLP l fraction of nodule P litterfall remobilized 

as nonstructural P 

- F26   

fCP effect of nodule nonstructural C or P 

content on N2 fixation 

- F12,F13   

fNP effect of nodule N or P content on 

respiration 

- F1,F3   

ft temperature function for nodule 

respiration  

- F1,F2   

ftm temperature function for nodule 

maintenance respiration 

- F7,F8   
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Ha energy of activation J mol1 F2 57.5 x 103  

Hdh energy of high temperature deactivation J mol1 F2 220 x 103  

Hdl energy of low temperature deactivation J mol1 F2 190 x 103  

Kn Michaelis-Menten constant for nodule 

respiration of ndi,l 

g g-1 F1 0.01  

KIn
 inhibition constant for nonstructural N:C 

on N2 fixation 

g g-1 F13 10  

KIn
 inhibition constant for nonstructural N:P 

on N2 fixation 

g g-1 F13 1000  

KN2r Michaelis-Menten constant for nodule N2 

uptake 

g N m-3 F12 0.14  

KO2r Michaelis-Menten constant for nodule O2 

uptake 

g O m-3 F6a 0.32  

 rate constant for nonstructural C,N,P 

exchange between root and nodule 

h-1 F21,F22,F2

3 

  

Lri,l root length m m-2 F6b   

LCi,l nodule C litterfall  g C m-2 h-1 F11,F16,F2

4 

  

LNi,l nodule N litterfall  g N m-2 h-1 F19,F25   

LPi,l nodule P litterfall  g P m-2 h-1 F20,F26   

Mni,l nodule structural C  g C m-2 F1,F11,F12,

F16 

,F17,F18,F2

1 

  

Mri,l root structural C  g C m-2 F21   

[Nn] maximum nodule structural N 

concentration 

g N g C-1 F3,F12 0.1  

Nni,l nodule structural N g N m-2 F7,F11,F12,

F17,F19,F2

5 

  

[Nni,l] nodule structural N concentration g N g C-1 F3,F17a   

[N2ri,l] rhizosphere aqueous N2 concentration g N m-3 F12   

ni,l nodule nonstructural N g N m-2 F17a,F22,F2

5 

  

ri,l root nonstructural N g N m-2 F22   

[ni,l] nodule concentration of nonstructural N g g-1 F13,F17a   

[O2ri,l] rhizosphere aqueous O2 concentration g O m-3 F6a,b   
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[O2l] soil aqueous O2 concentration g O m-3 F6b   

[Pn] maximum nodule structural P 

concentration 

g P g C-1 F3,F18a 0.01  

Pni,l nodule structural P g P m-2 F18a,F20,F2

6 

  

[Pni,l] nodule structural P concentration g P g C-1 F3,F11   

ni,l nodule nonstructural P g P m-2 F18a,F23,F2

6 

  

ri,l root nonstructural P g P m-2 F23   

[ni,l] nodule concentration of nonstructural P g g-1 F13   

R gas constant J mol1 K-1 F2 8.3143  

Rgi,l nodule growth respiration g C m-2 h-1 F9,F12,F15   

R specific nodule respiration at 25oC, and 

non-limiting O2, ndi,l, ndi,l and ndi,l 

h-1 F1 0.125  

Ri,l nodule respiration under ambient O2 g C m-2 h-1 F4,F9,F10,F

24 

  

Rm specific nodule maintenance respiration at 

25oC  

g C g C-1 h-1 F7   

Rmaxi,l nodule respiration under non-limiting O2 g C m-2 h-1 F1,F4,F5   

Rmi,l nodule maintenance respiration g C m-2 h-1 F7,F9,F10,F

24 

  

RN2i,l nodule respiration for N2 fixation g C m-2 h-1 F14,F15,F2

4 

  

Rsi,l nodule senescence respiration g C m-2 h-1 F9,F11   

rri,l root radius m F6b   

rwl radius of soil water films m F6b   

S change in entropy J mol1 K1 F2 710  

Tl soil temperature  K F2,F8   

Ui,l uptake of nodule nonstructural C for 

growth 

g C m-2 h-1 F15,F16,F2

4 

  

Vi,l nonstructural C transfer between root and 

nodule 

g C m-2 h-1 F21,F24   

Vi,l nonstructural N transfer between root and 

nodule 

g N m-2 h-1 F22,F25   

VN2i,l N2 fixation g N m2 h1 F12,F14,F2

5 
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VO2maxi,l O2 uptake by nodules under non-limiting 

O2 

g O m2 h1 F4,F5,F6a   

VO2i,l O2 uptake by nodules under ambient O2 g O m2 h1 F4,F6   

Vi,l nonstructural P transfer between root and 

nodule 

g P m-2 h-1 F23,F26   

Yn nodule growth yield g C g C-1 F15,F16 0.67  

y shape parameter for ftm  - F8 0.081  
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Appendix G: CH4 Production and Consumption  
 

Anaerobic Fermenters and H2 Producing Acetogens 

 
Ri,f  =  {R'f  Mi,f,a [Qi,c] / ([Qi,c] + Kf  (1+ [O2] / Ki))} ft respiration by fermenters   [G1] 

Qi,c  0.67 Ai,c + 0.33 CO2-C + 0.11 H2 partition respiration 

products 

 [G2] 

Ui,f,c  = Rmi,f + (Ri,f – Rmi,f) (1.0 + Yf)  uptake of DOC by 

fermenters 

[Ri,f  > 

Rmi,f] 

[G3a] 

Ui,f,c  = Ri,f  [Ri,f  < 

Rmi,f] 

[G3b] 

Yf  = -Gf / EM  growth yield of 

fermentation 

 [G4] 

Gf  = Gf  + {R T ln([H2] / [H2])4}  free energy change of 

fermentation 

 [G5] 

Mi,f,j,c /t = Fj Ui,f,c - Fj Ri,f - Di,f,j,c growth of fermenters [Ri,f  > 

Rmi,f] 

[G6a] 

Mi,f,j,c /t = Fj Ui,f,c - Rmi,f,j - Di,f,j,c  [Ri,f  < 

Rmi,f] 

[G6b] 

Acetotrophic Methanogens 

Ri,m  =  {R'm Mi,m,a [Ai,c] / (Km 
+ [Ai,c])} ft  respiration by 

acetotrophic 

methanogens 

 [G7] 

Ai,c   0.50 CH4-C + 0.50 CO2-C partition respiration 

products 

 [G8] 

Ui,m,c  = Rmi,m + (Ri,m - Rmi,m) (1.0 + Ym) uptake by acetotrophic 

methanogens 

[Ri,m > 

Rmi,m] 

[G9a] 

Ui,m,c  = Ri,m  [Ri,m < 

Rmi,m] 

[G9b] 

-Ym  = - Gm / EM growth yield of 

acetotrophic 

methanogenesis 

 [G10] 

Mi,m,j,c /t = Fj Ui,m,c - Fj Ri,m - Di,m,j,c growth of acetotrophic 

methanogens 

[Ri,m > 

Rmi,m] 

[G11a] 

Mi,m,j,c /t = Fj Ui,m,c - Rmi,m,j - Di,m,j,c  [Ri,m < 

Rmi,m] 

[G11b] 

Hydrogenotrophic Methanogens 

Rh  =  {R'h Mh,a [H2] / (Kh 
+ [H2]) [CO2] / (Kc 

+ [CO2])} ft respiration by 

hydrogenotrophic 

methanogens 

 [G12] 

CO2-C + 0.67 H2  CH4-C  transform respiration 

products 

 [G13] 

Uh,c  = Rmh + (Rh - Rmh) (1.0 + Yh) uptake by 

hydrogenotrophic 

methanogens 

[Rh > 

Rmh] 

[G14a] 

Uh,c  = Rh  [Rh < 

Rmh] 

[G14b] 
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Yh = -Gh / EC growth yield of 

hydrogenotrophic 

methanogenesis 

 [G15] 

Gh  = Gh  - {R T ln([H2] / [H2])4}  free energy change of 

hydrogenotrophic 

methanogenesis 

 [G16] 

Mh,j,c /t = Fj Uh,c - Fj Rh - Dh,j,c   growth of 

hydrogenotrophic 

methanogens 

[Rh > 

Rmh] 

[G17a] 

Mh,j,c /t = Fj Uh,c - Rmh,j - Dh,j,c    [Rh < 

Rmh] 

[G17b] 

Autotrophic Methanotrophs 

Xt  =  {X't  Mt,a [CH4] / (Kt + [CH4])} ft  CH4 oxidation by 

methanotrophs under 

non-limiting O2 

 [G18] 

Rt = Xt YtR  respiration by 

methanotrophs under 

non-limiting O2 

 [G19] 

YtR = -Gt  / EG  energy yield from CH4 

oxidation 

 [G20] 

Xt = Xt  fo2t CH4 oxidation by 

methanotrophs under 

ambient O2 

 [G21a] 

Rt = Rt  fo2t respiration by 

methanotrophs under 

ambient O2 

 [G21b] 

CH4-C + 4.0 O2  CO2-C + 1.5 H2O + 0.167 H+ O2 requirements for CH4 

oxidation by 

methanotrophs 

 [G22] 

CH4-C + 1.33 O2  CH2O-C + 0.167 H+ O2 requirements for 

growth by methanotrophs 

 [G23] 

CH2O -C + 2.67 O2  CO2-C + 1.5 H2O  O2 requirements for 

respiration by 

methanotrophs 

 [G24] 

Ut,c  = Rmt + (Rt  - Rmt) (1.0 + YtG
)  uptake by methanotrophs [Rt > Rmt] [G25a] 

Ut,c  = Rt  [Rt < Rmt] [G25b] 

YtG
 = -Gc  / EM  growth yield of 

methanotrophy 

 [G26] 

Mt,j,c /t = Fj Ut,c - Fj Rt - Dt,j,c  [Rt > Rmt] [G27a] 

Mt,j,c /t = Fj Ut,c - Rmt,j - Dt,j,c  [Rt < Rmt] [G27b] 

 

Definition of Variables in Appendix G 

Variable Definition Units Equations Input 

Values 

Referenc

e 
A 

acetate 
g C m-2 [G2]   

[A] 
aqueous concentration of acetate 

g C m-3 [G7]   
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a 
descriptor for j = active component of Mi 

    

[CH4] 
aqueous concentration of CH4 

g C m-3 [G18]   

[CO2] 
aqueous concentration of CO2 

g C m-3 [G12]   

Dh,j,c 
decomposition of hydrogenotrophic 

methanogens 
g C m-2 h-1 [G17]   

Di,f,j,c  
decomposition of fermenters and 

acetogens 
g C m-2 h-1 [G6]   

Di,m,j,c  
decomposition of acetotrophic 

methanogens 
g C m-2 h-1 [G11]   

Dt,j,c 
decomposition of autotrophic 

methanotrophs 
g C m-2 h-1 [G27]   

EC 
energy required to construct new M from 

CO2 
kJ g C-1 [G15] 75  

EG 
energy required to transform CH4 into 

organic C 
kJ g C-1 [G20] 23.5 Anthony 

(1982) 

EM 
energy required to construct new M from 

organic C 
kJ g C-1 [G4,G10,G2

6] 

25  

Fj 
partitioning coefficient for j in Mi,n,j 

 [G6,G11,G1

7,G27] 

  

f 
descriptor for fermenters and acetogens in 

each Mi 
    

fo2t 
ratio of O2 uptake to O2 requirement for 

CH4 oxidation 
 [G21a,b]   

ft 
temperature function for growth-related 

processes (dimensionless) 
 [G1,G7,G12

] 

  

Gc 
free energy change of C oxidation-O2 

reduction 
kJ g C-1 [G26] -37.5 Brock and 

Madigan 

(1991) 

Gf 
free energy change of fermentation plus 

acetogenesis 
kJ g Qi,c

-1 [G4,G5]   

Gf  
Gf  when [H2] = [H2] kJ g Qi,c

-1 [G5] -4.43 Brock and 

Madigan 

(1991), 

Schink 

(1997) 

Gh 
free energy change of hydrogenotrophic 

methanogenesis 
kJ g CO2-C-1 [G15,G16]   

Gh 
free energy change of hydrogenotrophic 

methanogenesis when [H2] = [H2] 
kJ g CO2-C-1 [G16] -0.27 Brock and 

Madigan 

(1991) 

Gm  
free energy change of acetotrophic 

methanogenesis 
kJ g Ai,c

-1 [G10] -1.03 Brock and 

Madigan 

(1991), 

Schink 

(1997) 
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Gt  
free energy change of CH4 oxidation by 

methanotrophs 
kJ g CH4-C-1 [G20] -9.45 Brock and 

Madigan 

(1991) 

[H2] 
aqueous concentration of H2 

g H m-3 [G5,G12,G1

6] 

  

[H2] 
aqueous concentration of H2 when Gh = 

Gh and Gf = Gf 
g H m-3 [G5,G16] 2.0 x 10-4 Brock and 

Madigan 

(1991) 

h 
descriptor for hydrogenotrophic 

methanogens in each Mi 
    

i 
descriptor for organic matter-microbe 

complex (i = plant residue, manure, 

particulate OM, or humus) 

    

j 
descriptor for structural or kinetic 

components for each functional type 

within each Mi (e.g. a = active) 

    

Kc 
M-M constant for uptake of CO2 by 

hydrogenotrophic methanogens 
g C m-3 [G12] 0.12  

Kf 
M-M constant for uptake of DOCi,c by 

fermenters and acetogens 
g C m-3 [G1] 12 McGill et 

al. (1981) 

Ki 
inhibition constant for O2 on fermentation 

g O m-3 [G1] 0.32  

Kh 
M-M constant for uptake of H2 by 

hydrogenotrophic methanogens 
g H m-3 [G12] 0.01 Mosey 

(1983), 

Robinson 

and 

Tiedje 

(1982) 

Km 
M-M constant for uptake of Ai,c by 

acetotrophic methanogens 
g C m-3 [G7] 12 Smith and 

Mah 

(1978), 

Zehnder 

et al. 

(1980) 

Kt 
M-M constant for uptake of CH4 by 

methanotrophs 
g C m-3 [G18] 3 x 10-3 

Conrad (1984) 

k 
descriptor for elemental fraction within 

each j (j = c, n or p) 
    

M 
microbial communities 

g C m-2    

Mh 
hydrogenotrophic methanogen 

community 
g C m-2 [G12,G17]   

Mi,f 
fermenter and acetogenic community 

g C m-2 [G1,G6]   

Mi,m 
acetotrophic methanogen community 

g C m-2 [G7,G11]   

Mt 
autotrophic methanotrophic community 

g C m-2 [G18,G27]   

m 
descriptor for acetotrophic methanogens 

in each Mi 
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Q 
dissolved organic matter (DOC) 

g C m-2 [G2]   

[Q] 
aqueous concentration of DOC 

g C m-3 [G1]   

R 
gas constant 

kJ mol-1 K-1 [G5,G16] 8.3143 x 10-

3 

 

R'f 
specific respiration by fermenters and 

acetogens at saturating [Pi,c], 25 °C and 

zero water potential 

g C g Mi,f,a
-1 

h-1 

[G1] 0.1 Lawrence 

(1971), 

Wofford 

et al. 

(1986) 

Rh 
CO2 reduction by hydrogenotrophic 

methanogens 
g C m-2 h-1 [G12,G13,G

14,G17,G18

] 

  

R'h 
specific CO2 reduction by 

hydrogenotrophic methanogens at 

saturating [H2] and [CO2], and at 25 °C 

and zero water potential 

g C g Mh,a
-1 

h-1 

[G12] 0.12 Shea et al. 

(1968), 

Zehnder 

and 

Wuhrman

n (1977) 

Ri,f 
respiration of hydrolysis products by 

fermenters and acetogens 
g C m-2 h-1 [G1,G2,G3,

G6] 

  

Ri,m 
respiration of acetate by acetotrophic 

methanogens 
g C m-2 h-1 [G7,G8,G9,

G11] 

  

R'm 
specific respiration by acetotrophic 

methanogens at saturating [Ai,c], 25 °C 

and zero water potential 

g C g Mi,m,a
-1 

h-1 

[G7] 0.20 Smith and 

Mah 

(1980) 

Rmh,j 
maintenance respiration by 

hydrogenotrophic methanogens 
g C m-2 h-1 [G14,G17]   

Rmi,f,j  
maintenance respiration by fermenters 

and acetogens 
g C m-2 h-1 [G3,G6]   

Rmi,m,j  
maintenance respiration by acetotrophic 

methanogens 
g C m-2 h-1 [G9,G11]   

Rmt,j 
maintenance respiration by 

methanotrophs 
g C m-2 h-1 [G25,G27]   

Rt 
CH4 oxidation by methanotrophs for 

respiration 
g C m-2 h-1 [G21b,G23,

G24,G25,G

27a] 

  

Rt 
CH4 oxidation by methanotrophs for 

respiration at saturating O2 
g C m-2 h-1 [G19,G21b]   

T 
soil temperature 

K [G5,G16]   

t 
descriptor for autotrophic methanotrophs 

    

Uh,c 
rate of CO2 uptake by Mh 

g C m-2 h-1 [G14,G17,G

18] 

  

Ui,f,k 
rate of DOCi,k uptake by Mi,f g C m-2 h-1 [G3,G6]   

Ui,m,c 
rate of Ai,c uptake by Mi,m 

g C m-2 h-1 [G9,G11]   
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Ut,c 
rate of CH4 uptake by Mt g C m-2 h-1 [G25,G27]   

Xt 
CH4 oxidation by methanotrophs 

g C m-2 h-1 [G21a,G22]   

Xt 
CH4 oxidation by methanotrophs at 

saturating O2 
g C m-2 h-1 [G1,G2,G4a

] 

  

X't 
specific CH4 oxidation by methanotrophs 

at saturating O2, 30 °C and zero water 

potential 

g C g-1 h-1 [G18] 0.5 Conrad 

(1984) 

Yf 
biomass yield from fermentation and 

acetogenic reactions 
g Mi,f g 

Qi,c
-1 

[G3,G4]   

Yh 
biomass yield from hydrogenotrophic 

methanogenic reaction 
g Mh g CO2-

C-1 

[G14,G15,G

18] 

  

Ym 
biomass yield from acetotrophic 

methanogenic reaction 
g Mi,m g 

Ai,c
-1 

[G9,G10]   

YtG
 

biomass yield from methanotrophic 

growth respiration 
g Mt-C g 

CH4-C-1 

[G25a,G26]   

YtR 
ratio of CH4 respired vs. CH4 oxidized by 

methanotrophs 
g C g C-1 [G19,G20]   
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Appendix H: Inorganic N Transformations 
 

Mineralization and Immobilization of Ammonium by All Microbial Populations 
INH4i,n,j = (Mi,m,j,C CNj  Mi,m,j,N) (INH4i,n,j < 0) [H1a] 

INH4i,n,j = (Mi,m,j,C CNj  Mi,m,j,N) [NH4
] / ([NH4

] + KNH4m) (INH4i,n,j > 0) [H1b] 

INO3i,n,j = (Mi,m,j,C CNj  (Mi,m,j,N + INH4i,n,j)) [NO3
] / ([NO3

] + KNO3m) (INO3i,n,j > 0) [H1b] 

Oxidation of DOC and Reduction of Oxygen by Heterotrophs 
X'DOCi,h  =  {X'DOC Mi,h,a [DOCi] / ([DOCi]) + KXh} ft   [H2] 

R'O2i,h = RQC XDOCi,h  [H3] 

RO2i,h = 4n Mi,h,a DsO2
 ([O2s] [O2mi,h]) [rmrw / (rw  rm)] 

          = RO2i,h [O2mi,h] / ([O2mi,h] + KO2h) 

 [H4a] 

[H4b] 

XDOCi,h  = XDOCi,h  RO2i,h / R'O2i,h  [H5] 

Oxidation of DOC and Reduction of Nitrate, Nitrite and Nitrous Oxide by Denitrifiers 
R'NO3i,d  = ENox  (R'O2i,d - RO2i,d) (1.0 + Ke (R'O2i,d - RO2i,d)/Vi)   [H6] 

RNO3i,d  = R'NO3i,d [NO3

-
] / ([NO3

-
] + KNO3d) /(1.0+([NO2

-] KNO3d)/( [NO3

-
] KNO2d))  [H7] 

RNO2i,d  = (R'NO3i,d - RNO3i,d) [NO2

-
] / ([NO2

-
] + KNO2d) /(1.0+([N2O] KNO2d)/( [NO2

-] 

KN2Od)) 

 [H8] 

RN2Oi,d  = 2 (R'NO3i,d - RNO3i,d  - RNO2i,d) [N2O] / ([N2O] + KN2Od)    [H9] 

XDOCi,d  = XDOCi,d (from [H5]) + FNOx (RNO3i,d  + RNO2i,d ) + FN2O RN2Oi,d    [H10] 

Oxidation of Ammonia and Reduction of Oxygen by Nitrifiers 
X'NH3i,n = X'NH3

 Mi,n,a {[NH3s] / ([NH3s] + KNH3n)} {[CO2s] / ([CO2s] + KCO2)}  ft  [H11] 

R'O2i,n  = RQNH3 X'NH3i,n + RQC X'Ci,n   [H12] 

RO2i,n  = 4n Mi,n,a DsO2
 (rm rw / (rw - rm)) ([O2s] - [O2mi,n])  

           = R'O2i,n [O2mi,n] / ([O2mi,n] + KO2n) 

 [H13a] 

[H13b] 

XNH3i,n = X'NH3i,n RO2i,n / R'O2i,n  [H14] 

Oxidation of Nitrite and Reduction of Oxygen by Nitrifiers 
X'NO2i,o = X'NO2

 Mi,o,a {[NO2
-] / ([NO2

-] + KNO2o)} {[CO2s] / ([CO2s] + KCO2)} ft  [H15] 

R'O2i,o  = RQNO2 X'NO2i,o + RQC X'Ci,o   [H16] 

RO2i,o  = 4 n Mi,o,a DsO2
 (rm rw / (rw - rm)) ([O2s] - [O2mi,o])  

           = R'O2i,o [O2mi,o] / ([O2mi,o] + KO2o)  

 [H17a] 

[H17b] 

XNO2i,o = X'NO2i,o RO2i,o / R'O2i,o  [H18] 

Oxidation of Ammonia and Reduction of Nitrite by Nitrifiers 
R'NO2i,n = ENOx  (R'O2i,n - RO2i,n)/(1.0 + Ke (R'O2i,n - RO2i,n)/Vi)  [H19] 

RNO2i,n = R'NO2i,n {[NO2
-] / ([NO2

-] + KNO2n)} {[CO2s] / ([CO2s] + KCO2)}   [H20] 

XNH3i,n = XNH3i,n (from [H14]) + 0.33 RNO2i,n  [H21] 

 

 

Definition of Variables in Appendix H 

Name Definition Units Equations Input Values Reference 

 
Subscripts 

a active component of Mi,m  
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d heterotrophic denitrifier population (subset of h) 

h heterotrophic community (subset of m) 

i substrate-microbe complex  

j kinetic components of Mi,m 

m all microbial communities 

n autotrophic ammonia oxidizer population (subset of m) 

o autotrophic nitrite oxidizer population (subset of m) 

 

Variables 

CNj maximum ratio of Mi,m,j,N to 

Mi,m,j,C maintained by Mi,m,j 

g N g C-1 [H1] 0.22 and 0.13 

for j = labile 

and  resistant 

 

[CO2s] CO2 concentration in soil 

solution 

g C m-3 [H11,H15,H2

0] 

  

[DOCi] concentration of dissolved 

decomposition products  
g C m

-3
 [H2]   

DsO2
 aqueous dispersivity-diffusivity 

of O2  
m

2
 h

-1
 [H4,H13,H17]   

ENOx e- accepted by NOx vs. O2 when 

oxidizing DOC 

g N g O2
-1 [H6,H19] 28/32 = 0.875  

FNOx e- donated by C vs. e- accepted 

by NOx when oxidizing DOC 

g C g N-1 [H10] 12/28 = 0.43  

FN2O e- donated by C vs. e- accepted 

by N2O when oxidizing DOC 

g C g N-1 [H10]  6/28 = 0.215  

ft temperature function for 

microbial processes 

- [H2,H11,H15]  See 

AppendixA 

INH4i,n,j mineralization (INH4i,n,j < 0) or 

immobilization (INH4i,n,j > 0) of 

NH4
 by Mi,n,j,C 

g N m2 h1 [H1]   

INO3i,n,j immobilization (INO3i,n,j > 0) of 

NO3
 by Mi,n,j,C 

g N m2 h1 [H1]   

KCO2 Michaelis-Menten constant for 

reduction of CO2s by Mi,n,a and 

Mi,o,a 

g C m-3 [H11,H15,H2

0] 

0.15 

 

 

KNH3n M-M constant for oxidation of 

NH3s by nitrifiers 

g N m-3 [H11] 0.0002  Suzuki et 

al. (1974) 

Ke inhibition constant for electrons 

not accepted by O2 and 

transferred to N oxides 

- [H6,H19] 0.5 

 

from Koike 

and Hattori 

(1975) 

KNH4m M-M constant for microbial  

NH4
uptake  

g N m3 [H1] 0.35  

KNO2d M-M constant for reduction of 

NO2

-
 by denitrifiers 

g N m
-3

 [H7,H8] 1.4  Yoshinari 

et al. 

(1977) 

KNO2n M-M constant for reduction of 

NO2
- by nitrifiers 

g N m-3 [H20] 1.4  

KNO2o M-M constant for oxidation of 

NO2
- by nitrifiers 

g N m-3 [H15] 3.5  

KNO3d M-M constant for reduction of 

NO3

-
 by denitrifiers 

g N m
-3

 [H7,H8] 1.4 Yoshinari 

et al. 

(1977);Kha

lil et al., 

2005 
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KN2Od M-M constant for reduction of 

N2O by denitrifiers 
g N m

-3
 [H9] 0.028 Yoshinari 

et al. 

(1977);Kha

lil et al., 

2005 

KO2h M-M constant for reduction of 

O2s by heterotrophs 

g O2 m-3 [H4b] 0.064  Griffin 

(1972) 

KO2n M-M constant for reduction of 

O2s by NH3 oxidizers 

g O2 m-3 [H13b] 0.064
   

Focht and 

Verstraete 

(1977) 

KO2o M-M constant for reduction of 

O2s by NO2
- oxidizers 

g O2 m-3 [H17b] 0.064
  
 Focht and 

Verstraete 

(1977) 

KXh M-M constant for oxidation of 

DOC by heterotrophs 
g C m

-3
 [H2] 12  (McGill et 

al., 1981) 

Mi,h,a   active biomass of heterotrophs g C m-2 [H2,H7]   

Mi,n,a active biomass of NH3 oxidizers g C m-2 [H11,H13]   

Mi,m,j,C C biomass of microbial 

population Mi,m,j 

g C m-2 [H1]   

Mi,m,j,N N biomass of microbial 

population Mi,m,j 

g N m-2 [H1]   

Mi,o,a active biomass of NO2
- 

oxidizers 

g C m-2 [H15,H17]   

[NH3s] concentration of NH3 in soil 

solution 

g N m-3 [H11]   

[NH4
] concentration of NH4

 in soil 

solution 

g N m3 [H1]   

[NO2

-
] concentration of NO2

-
 in soil 

solution 

g N m
-3

 [H7,H8,H15,

H20] 

  

[NO3

-
] concentration of NO3

-
 in soil 

solution 

g N m
-3

 [H7,H8]   

[N2O] concentration of N2O in soil 

solution 
g N m

-3
 [H9]   

n number of microbes   g
-1

 [H13,H17]   

[O2mi,h] O2 concentration at 

heterotrophic surfaces 

g O2 m3 [H7]   

[O2mi,n] O2 concentration at NH3 

oxidizer surfaces 

g O2 m-3 [H13]   

[O2mi,o] O2 concentration at NO2
- 

oxidizer  surfaces 

g O2 m-3 [H17]   

[O2s] O2 concentration in soil solution g O2 m
-3

 [H7,H13,H17]   

RNO2i,d NO2

-
 reduction by denitrifiers g N m

-2
 h

-1
 [H8,H9,H10]   

R'NO2i,n rate of NO2
- reduction by NH3 

oxidizers under non-limiting 

[NO2
-] and [CO2s] 

g N m-2 h-1 [H19,H20]   

RNO2i,n rate of NO2
- reduction by NH3 

oxidizers under ambient [NO2
-] 

and [CO2s] 

g N m-2 h-1 [H20,H21]   

R'NO3i,d   NO3

-
 reduction by denitrifiers 

under non-limiting [NO3
-] 

g N m
-2

 h
-1

 [H6,H7,H8,H

9] 
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RNO3i,d NO3

-
 reduction by denitrifiers 

under ambient [NO3
-] 

g N m
-2

 h
-1

 [H7,H8,H9,H

10] 

  

RN2Oi,d N2O reduction by denitrifiers g N m
-2

 h
-1

 [H9,H10]   

RO2i,d rate of O2s reduction by 

denitrifiers under non-limiting 

[O2s] 

g O2 m-2 h-1 [H6]   

RO2i,d rate of O2s reduction by 

denitrifiers under ambient [O2s] 

g O2 m-2 h-1 [H6]   

RO2i,h rate of O2s reduction by 

heterotrophs under non-limiting 

[O2s] 

g O2 m-2 h-1 [H3,H4,H5]   

RO2i,h rate of O2s reduction by 

heterotrophs under ambient 

[O2s] 

g O2 m-2 h-1 [H4,H5]   

R'O2i,n   rate of O2s reduction by NH3 

oxidizers under non-limiting 

[O2s] 

g O2 m-2 h-1 [H12,H13.H1

4,H19] 

  

RO2i,n rate of O2s reduction by NH3 

oxidizers under ambient [O2s] 

g O2 m-2 h-1 [H13,H14,H1

9] 

  

R'O2i,o   rate of O2s reduction by NO2
- 

oxidizers under non-limiting 

[O2s] 

g O2 m-2 h-1 [H16,H17,H1

8] 

  

RO2i,o rate of O2s reduction by NO2
- 

oxidizers under ambient [O2s] 

g O2 m-2 h-1 [H17,H18]   

RQC respiratory quotient for 

reduction of O2 coupled to 

oxidation of C 

g O2 g C-1 [H3,H12,H16] 2.67  Brock and 

Madigan 

(1991) 

RQNH3 respiratory quotient for 

reduction of O2 coupled to 

oxidation of NH3s 

g O2 g N-1 [H12] 3.43  Brock and 

Madigan 

(1991) 

RQNO2 respiratory quotient for 

reduction of O2 coupled to 

oxidation of NO2
-   

g O2 g N-1 [H16] 1.14  Brock and 

Madigan 

(1991) 

rm radius of microbial sphere m [H4,H13,H17]   

rw radius of rm + water film at 

current soil water potential 

m [H4,H13,H17]  from s 

according 

to Kemper 

(1966) 

Vi soil volume occupied by 

substrate-microbe complex 

 [H6,H19]   

X'Ci,n   rate of C oxidation by NH3 

oxidizers under non-limiting 

[O2s] 

g C m-2 h-1 [H12]   

X'Ci,o   rate of C oxidation by NO2
- 

oxidizers under non-limiting 

[O2s] 

g C m-2 h-1 [H16]   

X'DOC specific rate of DOC oxidation 

by heterotrophs at 25 °C under 

non-limiting [DOC] and [O2s] 

g C g C-1 h-1 [H2] 0.125 Shields et 

al. (1973) 
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XDOCi,h rate of DOC oxidation by 

heterotrophs under non-limiting 

[O2s]  

g N m-2 h-1 [H2,H3,H5]   

XDOCi,h rate of DOC oxidation by 

heterotrophs under ambient 

[O2s]  

g N m-2 h-1 [H5]   

XDOCi,d   rate of DOC oxidation by 

heterotrophs under ambient 

[O2s] and [NOx] 

g N m-2 h-1 [H10]   

X'NH3
 specific rate of NH3 oxidation 

by NH3 oxidizers at 25 °C under 

non-limiting [O2s]  

g N g C-1 h-1 [H11]] 0.625  Belser and 

Schmidt 

(1980) 

XNH3i,n rate of NH3 oxidation by NH3 

oxidizers coupled with 

reduction of O2 + NO2
- under 

ambient [O2s] 

g N m-2 h-1 [H14,H21]   

X'NH3i,n rate of NH3 oxidation by NH3 

oxidizers under non-limiting 

[O2s] 

g N m-2 h-1 [H11,H12,H1

4] 

  

X'NO2i,o rate of NO2
-  oxidation by NO2

- 

oxidizers under non-limiting 

[O2s] 

g N m-2 h-1 [H15,H16,H1

8] 

  

XNO2i,o rate of NO2
-  oxidation by NO2

- 

oxidizers coupled with 

reduction of O2 under ambient 

[O2s] 

g N m-2 h-1 [H18]   

X'NO2
 specific rate of NO2

-  oxidation 

by NO2
- oxidizers at 25 °C 

under non-limiting [O2s] 

g N g C-1 h-1 [H15] 2.5  Belser 

(1977) 

  

 

 

 


