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Abstract  

Recognition of the environmental ramifications of long-term natural resource development in 

the Athabasca Oil Sands Region (AOSR) has prompted the implementation of sustainable land 

use practices. This includes obligatory regulations that require impacted landscapes to be 

returned to their pre-disturbance functionality. Ecosystem function (e.g., carbon sequestration) 

is driven by soil-plant-atmosphere exchanges of energy, carbon and water resources. Given the 

magnitude of disturbance during surface mining (i.e., removal of vegetation and the 

subsurface) the reestablishment of ecosystem function requires extensive reclamation. This 

involves the complete reconstruction of surface and subsurface ecosystem components 

including the establishment of a hydrological regime. Thus, reclamation ultimately creates 

‘new’ landscapes, often beginning with a bare ground phase followed by planting campaigns, 

and the eventual development of widespread plant communities. An understanding of 

ecohydrological processes throughout the different post-construction evolutionary phases is 

necessary to evaluate i) ecosystem function and trajectory and ii) reclamation design and 

success.  As the natural, undisturbed landscape of the AOSR consists of hydrologically 

connected upland forests and fen peatlands, two pilot-scale watersheds incorporating these 

landscapes have been constructed to examine the viability and design of multi-landscape 

reclamation endeavours in the region.  

This thesis captures the evolving ecohydrological regime during the first seven years 

(2013 - 2019) post-construction at one of the novel, constructed watersheds in the region, 

Nikanotee Fen Watershed (NFW). Ecosystem function and evolution of both the fen and 
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upland were quantified based on key ecohydrological indicators (net ecosystem exchange 

(NEE), evapotranspiration (ET) and water-use efficiency (WUE)) using a multi-scale 

(ecosystem and plant community), multi-method (remote sensing, eddy covariance, 

instantaneous chamber measurements) approach.  

Over the course of the study period, both landscapes exhibited significant biophysical 

evolution, from bare ground to fully vegetated ecosystems, resulting in physical (e.g., altered 

albedo, surface roughness and producing plant-mediated shading) and functional (e.g., 

transpiration and carbon sequestration) transformations.  

Initially, during bare ground conditions, surface-atmosphere exchanges were driven by 

abiotic factors (atmospheric and edaphic conditions) and controlled by soil water availability. 

In the fen, due to near-surface water table, high soil moisture content, surface ponding and the 

low albedo of wet, bare peat, most available energy was partitioned to latent heat and a high 

degree of decoupling between the surface-atmosphere was observed. During this time, surface 

evaporation rates were consistently high and comparable to open-water values in the region. 

Due to the lack of plant community, the fen was a source of CO2 and WUE was low and driven 

by high evaporative losses. In the upland, the exposed dry sand-loam cover soil resulted in 

higher albedo and equal partitioning between latent and sensible heat. The drier edaphic 

conditions resulted in limited evaporation, with only small increases in response to 

precipitation events. Moreover, these conditions resulted in net carbon losses and similar to 

the fen, limited WUE.  
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Once plant community became established, edaphic controls decreased, and surface-

atmosphere exchanges were driven by plant-mediated responses to atmospheric conditions.  In 

the fen, as water availability remained high, latent heat continued to be the dominant energy 

flux, but a larger proportion of available energy was partitioned to sensible heat, particularly 

during drier periods. Widespread plant coverage and the establishment of a thick litter layer 

supressed surface evaporative losses and increased transpiration, resulting in lower ET rates 

compared to bare ground conditions and greater surface-atmosphere coupling. Coinciding with 

plant growth, the fen quickly evolved from a CO2 source to a sink by year three post-

construction. Moreover, once fully vegetated, WUE remained relatively stable despite seasonal 

hydrometeorological variability. Here, stable WUE trends reflect well-developed rooting 

architecture of the plant community and a well-connected groundwater network between the 

two landscape units resulting in hydrological self-regulation sufficient to maintain adequate 

plant function during periods of water stress. In the upland, the growth and development of 

treed species resulted in a marked increase in latent heat flux, ET rates, CO2 uptake and WUE, 

with seasonal trends mirroring plant phenology.  However, at the conclusion of this study the 

upland was still functioning as a minor CO2 source, but is expected to become a sink in the 

near future as trees continue to mature.  

Overall, an examination of ecohydrological processes and feedbacks during early 

development suggests the constructed system is evolving towards a functional, self-sustaining 

ecosystem that’s able to withstand periodic environmental stress. Furthermore, rates and 

seasonal trends of key ecohydrological indicators (ET, NEE, WUE) at the constructed 
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watershed were comparable to those observed at surrounding natural and post-disturbance 

boreal landscapes providing further support of ecosystem function. Results from this study 

provide insight to early ecosystem function and trajectories and can be applied to future designs 

and planting prescriptions to improve long-term reclamation success. 
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Chapter 1: Introduction 

Resource extraction in the Athabasca Oilsands Region (AOSR) results in significant land 

disturbance, including land cover change (e.g., removal of vegetation), disruption of ecosystem 

services (e.g., loss of carbon sink capacity and storage), and alterations to the hydrological regime 

(e.g., disrupted water transmission and storage capacity). Reclamation aims to restore these 

disturbed areas to conditions that approach their natural functionality and is critical to responsible 

resource development and sustainable land use practices.  

The AOSR is located within the Boreal Plains (BP) ecozone where the pre-disturbance 

landscape comprises mixed boreal forests, peatlands, and open-water regions. Boreal landscapes 

have long been recognized for their important ecohydrological and biogeochemical roles (Volik et 

al., 2021; Helbig et al., 2020; Thom and Seidl, 2016; Bonan, 2008; Ruckstuhl et al., 2008; IPCC, 

2007). In particular, these landscapes play a significant role in global carbon cycling where boreal 

forests sequester large amounts of atmospheric CO2 and subsequently store it in above and below 

ground biomass (Kurz et al., 2013) and northern peatlands serve as substantial reservoirs of soil 

carbon (Strack et al., 2022; Roulet et al., 2007; Syed et al., 2006). While individually these 

landscapes provide vital ecosystem services, in the AOSR, their hydrologic interconnectivity plays 

a pivotal role in maintaining ecosystem function as the region experiences frequent moisture-

deficits (Ireson et al., 2015; Price et al., 2013; Bothe and Abraham 1993). Here, wetlands capture 

and conserve excess water during periods of surplus (Wells et al., 2017; Waddington et al., 2015; 

Devito et al., 2012; Spence et al., 2011) which then becomes available for redistribution (facilitated 

by the rooting architecture of forests) particularly during drought conditions (Depante et al., 2019; 

Petrone et al., 2015; Brown et al., 2014). Moreover, the geologic and topographic setting of the 
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region results in uplands often feeding groundwater to down-gradient fens, providing a consistent 

input to fens (Elmes and Price, 2019; Wells et al., 2017).  As water availability is the primary 

driver of ecosystem function (Rodriguez-Iturbe, 2000) it is imperative that reclamation design can 

satisfy water requirements under both current and anticipated future climatic conditions to ensure 

successful ecosystem evolution, performance and ultimately longevity. 

Reclamation efforts in the region have been ongoing since 1971, and to date less than 10% of 

previously disturbed land has been permanently reclaimed (64 km2 of 1055 km2; Alberta 

Environment and Parks, 2022). While the primary focus of reclamation has been on recreating 

forested upland landscapes, recognition of the vital ecohydrological role played by peatlands in 

the region (Volik et al., 2021; Elmes and Price 2019; Devito et al., 2012; Price et al., 2010) has 

prompted a concerted effort to integrate peatland ecosystems into the broader reclamation strategy. 

In natural settings, peatlands are created and maintained under specific hydrologic conditions (i.e., 

near surface water-table, persistent inundation) allowing for the slow decay of plant matter and 

eventual peat-accumulation. These requirements further highlight the importance of continuous 

water-availability and hydrologic connectivity in constructed systems. Fens are the prevalent 

peatland type within the AOSR (Volik et al., 2020), and are characterized by their specific soil 

properties, hydrology and nutrient status. The Canadian Wetland Classification System (CWCS) 

defines fens as having a minimum of 0.4 m of organic soil (peat), with hydrological inputs 

primarily from sources other than precipitation, such as surface water and groundwater, resulting 

in minerotrophic nutrient status.  This input of nutrients via ground water typically leads to a more 

diverse plant community including sedges, grasses, reeds, and brown mosses, compared to other 

peatland types (e.g. moss-dominated bogs). As such, fen reclamation endeavours have been 

recently initiated, marked by the construction of two novel pilot projects: the Sandhill Fen 
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Watershed and the Nikanotee Fen Watershed. While the two watersheds exhibit variable design 

components, both were built upon a foundation of recycled, post-processed oil sands materials 

(i.e., tailing sands) and represent the first attempts to construct fen peatlands and recreate the 

mosaic of hydrologically connected land units prevalent in the region (Ketcheson et al., 2016). 

Since their initiation over a decade ago, extensive research has been produced particularly on 

individual ecosystem components such as the hydrological function (Biagi et al., 2021; Ketcheson 

et al., 2017), hydrochemistry (Yang et al., 2022; Biagi et al., 2019, Kessel et al., 2018, Simhayov 

et al., 2017), soil processes and evolution (Sutton and Price, 2020a, Sutton and Price, 2020b; 

Gingras-Hill et al., 2018, Nwaishi et al., 2015), carbon dynamics (Prystupa et al., 2023; Davidson 

et al., 2021; Clark et al., 2019; Nwaishi et al., 2016) and plant communities (Hartsock et al., 2021; 

Messner et al., 2019; Borkenhagen et al., 2019; Vitt et al., 2016) of these constructed landscapes. 

To date only a handful of studies (Clark et al., 2022; Fettah et al., 2022; Scarlett and Price, 2019; 

Scarlett et al., 2017; Strilesky et al., 2017; Nicholls et al., 2016) have examined soil-plant-water-

atmosphere interactions of constructed landscapes and have been largely limited to the initial, post-

construction stage (<3 years) due to the juvenile nature of these projects and generally focus on a 

single landscape unit. This work aims to build upon these previous studies and link together 

ecosystems components through an ecohydrological approach - by examining how biophysical 

factors, such as vegetation and edaphic conditions during various phases of ecosystem evolution 

and under variable hydroclimatic conditions affect the distribution of energy, carbon and water 

resources and in turn, influence ecosystem performance. 

Moreover, the enactment of the Environmental Protection and Enhancement Act (EPEA) 

imposes a legal obligation on companies involved in oil sands development to restore mined areas 

to their pre-disturbance capacity, emphasizing the necessity for well-defined criteria for 
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reclamation targets. Reclamation targets have been broadly defined to entail the creation of 

functional, self-sustaining ecosystems that are resilient to periodic environmental stress (Alberta 

Environment and Sustainable Resource Development, 2013). Thus, quantifiable metrics for 

assessing ecosystem function are required. Preliminary research (Clark et al., 2022; Strilesky et 

al., 2017; Nwaishi et al., 2015) suggests utilizing key ecohydrological indicators (e.g., water-use 

efficiency, carbon sequestration) as integrated measures of reclamation performance as these 

metrics encompass a suite of ecosystem conditions and processes. Thus, this research provides a 

case-study opportunity to evaluate the viability of using ecohydrological indicators and their 

respective monitoring methods (e.g., eddy covariance, remote sensing) as a means to provide 

meaningful assessments of reclaimed AOSR landscapes. 

 

1.1 Objectives 

The primary goal of this thesis is to provide a comprehensive overview of ecohydrological 

functionality of both the upland and fen landscapes of the Nikanotee Fen Watershed during the 

initial, and likely most dynamic, stages of ecosystem evolution following construction. The main 

objectives are to:  

1) Evaluate ecosystem performance by quantifying temporal patterns and rates of energy, 

carbon, and water fluxes during the first seven years following construction;    

2) Illustrate ecosystem development and evolution through changes in biophysical surface 

properties; 

3) Examine the role of developing vascular vegetation on surface-atmosphere interactions;   

4) Delineate key ecohydrological feedbacks and controls during ecosystem evolution.  
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These objectives are addressed as key themes throughout the chapters outlined below.  

1.2 Organization of thesis 

This thesis comprises seven chapters that have been structured to conform to the manuscript option 

at the University of Waterloo. Here, key words and (graphical) abstracts have been removed to aid 

thesis structure and flow. To best capture the temporal evolution and functionality of the 

constructed landscapes, this thesis applied a multi-scale, multi-method approach. Figure 1-1 

depicts thesis structure and highlights methods applied. Due to the nature of the project, some 

methods are recurrent across chapters such as eddy covariance measurements and remote sensing 

techniques capturing ecosystem development and biophysical surficial changes. The thesis begins 

with an examination of ecosystem-scale exchanges of carbon, water and energy during the first 

seven years post-construction (Chapter 2, 3 and 5) followed by a progression to community-scale 

carbon and water dynamics (Chapter 4 and 5) and finally a summary of surface-atmosphere 

feedbacks (Chapter 6) based on results presented in chapters 2-5. Chapter 1 provides context for 

this research by briefly outlining the ecohydrological significance of boreal landscapes in the 

region, the necessity for reclamation as well as defining the overarching goals and objectives of 

the thesis.  Chapter 2 defines benchmarks for reclaimed landscape performance and evaluates 

ecosystem functionality through net ecosystem exchange (NEE) and water-use efficiency (WUE). 

Additionally, it provides context to NFW performance through comparison of carbon dynamics at 

nearby natural and post-disturbance sites. Chapter 3 examines changes in energy partitioning 

during ecosystem evolution and quantifies land cover change from bare ground to wide-spread 

vegetation.  Chapter 4 assesses species-specific CO2 fluxes following the widespread 

establishment of vascular vegetation and examines environmental controls. Chapter 5 examines 

evapotranspiration (ET) dynamics both at the ecosystem and community scale. Chapter 6 
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amalgamates the key findings and ecohydrological feedbacks discussed in chapters 2-5 into a 

timeline of ecosystem evolution and function. Finally, Chapter 7 provides conclusions and 

highlights the broader implications of this work for future reclamation endeavors in the region. 

 

 

 

Figure 1-1: A) Depiction of thesis organization. B) Methods and key variables collected to capture 
the spatial and temporal ecosystem evolution and ecohydrological function discussed in this thesis. 
Here, both an ecosystem- and community-scale approach were used.  
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Chapter 2: A temporal snapshot of ecosystem functionality during the 

initial stages of reclamation of an upland-fen complex 

2.1 Introduction 

The Western Boreal Plains (WBP) ecozone provides important economic (via natural resource extraction) 

and environmental ecosystem services (EES) on regional and global scales. EES provided by landscapes in 

the region include: i) the regulation of regional hydrological regimes; ii) providing niche, diverse 

ecosystems; iii) nutrient transformation through biogeochemical cycling; and perhaps most importantly, iv) 

carbon sequestration and long-term carbon storage in soils (Lamothe et al., 2019; Kurz et al., 2013; Yu, 

2012; Limpens et al., 2008; Blodau, 2002). The Athabasca Oil Sands Region (AOSR) encompasses an area 

of 93,259 km2 within the WBP of northeastern Alberta, of which 5% (4800 km2) is considered minable for 

oilsands extraction (ABMI, 2017). Here, one method of resource extraction consists of widespread surface 

mining, where up to 75 m of substrate below the ground surface are removed, resulting in a fully altered, 

disturbed landscape and subsequent loss of vital EES (Nwaishi et al., 2015a). Notably, Rooney et al. (2012) 

estimate AOSR mining activities will result in a potential net loss of 11.4 – 47.3 Tg of stored soil carbon. 

As of 2016, 901 km2 of land in the AOSR has been impacted by mining activities. (Government of Alberta, 

2017). Companies operating in the AOSR have a statutory obligation to return leased land to pre-

disturbance equivalent land capability, defined as post-reclamation landscapes that can support ecosystem 

services and functions similar to what existed prior to disturbance (Alberta Environment, 2008). However, 

the resulting reclaimed landscape may not necessarily be identical to the pre-disturbance landscape 

(Poscente and Charette, 2012; Alberta Environment, 2008). As reclamation efforts in the region typically 

use mine waste materials (i.e., tailing sand, petroleum coke) as construction substrates, the trajectory and 

end-result of reclaimed systems is likely to result in a hybrid, or novel landscape. These landscapes may be 

physically different, but functionally similar to natural, pre-disturbance landscapes as the structural and 

hydrogeochemical characteristics of construction materials used in AOSR reclamation endeavours are 
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vastly different than those found in natural systems (Nwaishi et al., 2015a; Daly et al., 2012). The pre-

disturbance landscape of the AOSR comprises a mosaic of upland forests (23%) and wetlands (54%) (AEP, 

2018; Rooney et al., 2012), which are largely fen peatlands (Daly et al., 2012; Chee and Vitt, 1989). 

Initially, reclamation endeavours in the AOSR focused solely on reclaiming to upland forests. However, 

due to the extensive occurrence of peatlands, their specific ecosystem services (i.e., carbon storage) and 

hydrologic interconnectivity between uplands and peatlands, fens have begun to be integrated into regional 

reclamation efforts (Ketcheson et al., 2016). Due to the magnitude of disturbance, reclamation endeavours 

require the complete reengineering of surface topography and subsurface stratigraphy in addition to the 

initiation of vegetation through planting campaigns.  

Reestablishment of hydrological connectivity is critical to the evolution and success of reclaimed 

landscapes, due to water requirements of key ecohydrological and biogeochemical functions – particularly 

in peatlands (i.e., inundated conditions, stable, near surface water table; Daly et al., 2012; Elshorbagy et al., 

2005). Ensuring adequate water for ecosystem function in the AOSR is further complicated by the sub-

humid climate of the region, where annual evapotranspiration commonly exceeds precipitation, resulting 

in frequent periods of water stress (Bothe and Abraham, 1993). Moreover, this water stress is expected to 

worsen in the area according to climate projections (Thompson et al., 2017; Ireson et al., 2015; Devito et 

al., 2012).  The availability (and use) of water in an ecosystem is critical to successful development and 

function and is controlled mainly by the storage capacity of soils and vegetation (Rodriguez-Iturbe and 

Porporato, 2004). Thus, reclamation design in the AOSR needs to ensure adequate water availability for 

successful ecosystem development and function while accounting for the limited water availability. 

The overarching goal of reclamation in the region is to create functional, self-sustaining, resilient 

ecosystems. As such, benchmarks encompassing ecologic, hydrologic and industry perspectives of 

ecosystem performance have been defined (Daly et al., 2012) and successful reclamation requires an 

ecosystem to be: 1) capable of supporting a representative assemblage of species; 2) carbon accumulating; 

and 3) able to withstand periodic environmental stress. 
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As AOSR fen reclamation is a relatively new endeavor, quantifiable metrics for evaluating the 

trajectory, success and long-term sustainability of reclamation projects is required. As it is difficult to 

directly measure ecosystem function through a single metric, the evaluation of reclamation performance 

has typically relied on the measurement of a large number of ecosystem variables (e.g., soil properties and 

geochemistry, vegetation surveys, biomass, water use), under the premise that in aggregate these variables 

will reflect ecosystem function and land capability. However, this approach has limitations, such as:  data 

on a large number of variables can be onerous to collect and impossible to appropriately integrate; variables 

may be poor indicators of actual function; measured variables may reflect current site performance but fail 

to provide information on site stability under changing conditions, and on broader landscape-level 

performance. Alternatively, a focus on fewer biologically integrative factors or on emergent properties may 

be more effective (Straker et al., 2019; Strilesky et al., 2017; Nwaishi et al., 2015a).  

Ecosystem water and carbon dynamics are integrative indicators of a suite of supporting ecosystem 

processes and characteristics. For example, water use efficiency (WUE), which links photosynthesis with 

water use, provides a useful metric to evaluate the use of water and carbon resources by plants. As such, 

assessment of the efficiency of ecosystem water use provides important insight on resiliency to climatic 

variation, and on landscape-level water storage and yield. Net ecosystem exchange (NEE) captures the net 

exchange (i.e., photosynthesis and respiration) of carbon between an ecosystem and the atmosphere and is 

a primary gauge of ecosystem carbon sink capacity. The overall carbon sink capacity of an ecosystem is 

dependent on edaphic conditions, water availability and plant community composition. Thus, integration 

of ecosystem-scale measurements of carbon exchange coupled with remote sensing metrics for plant 

development provides an efficient integrative measure of reclamation performance and early successional 

trajectory.  

To date, only two pilot projects assessing reclamation design and performance have been 

constructed in the AOSR. Considerable research on early hydrological functioning (Biagi et al., 2021; 

Ketcheson et al., 2017), hydrochemistry (Biagi et al., 2019; Kessel et al., 2018; Simhayov et al., 2017), soil 
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dynamics (Sutton and Price (2020a, 2020b); Scarlett and Price, 2019; Gingras-Hill et al., 2018; Nwaishi et 

al., 2015b), ecology (Messner et al., 2019; Borkenhagen et al., 2019; Vitt et al., 2016) and plot-scale, 

seasonal carbon and water exchanges (Davidson et al., 2021; Scarlett et al., 2017; Nwaishi et al., 2016) has 

been conducted on reclaimed AOSR systems. However, there are limited long-term, assessments of 

performance based on ecosystem-scale metrics such as carbon and water dynamics in reclaimed, post-

mining landscapes.  

This study evaluates ecosystem development and performance during the initial stages of 

reclamation at the Nikanotee Fen Watershed (NFW; a constructed upland-fen complex) through the use of 

ecosystem scale techniques (e.g., eddy covariance towers, remote sensing). Specifically, the objectives were 

to: (a) provide a temporal snapshot of ecosystem evolution by using plant development, net ecosystem 

exchange (NEE) and WUE as metrics; b) evaluate ecosystem functionality and c) provide context to NFW 

performance through the comparison of carbon dynamics at surrounding natural and post-disturbance sites.  

2.2 Study Site 

The Nikanotee Fen Watershed (NFW) is a 32-ha constructed watershed located within an oil sands 

mining operation approximately 30 km north of Fort McMurray, Alberta (56°55.944′N, 

111°25.035′W; Figure 2-1)). NFW consists of three previously reclaimed slopes (18.7 ha), an 

undisturbed natural slope (2.8 ha), a newly reclaimed upland (7.7 ha) and fen peatland (2.9 ha). 

This study focuses only on the newly reclaimed upland and fen landscapes of the system (Figure 

2-1). 

WBP climate is sub-humid, with thirty-year climate normals (1981-2010) having a mean 

July temperature of 17.1 °C, and an average of 419 mm of precipitation annually, of which ~70% 

occurs as rainfall (Environment Canada, 2015; Smerdon et al., 2008). Evapotranspiration (ET) 

commonly exceeds precipitation (P), resulting in periods of water stress (Petrone et al., 2007; 

Marshall et al., 1999; Bothe and Abraham, 1993).  
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NFW was designed based on numerical modeling of ideal geometries and substrate 

materials for successful ecosystem function within the WBP climate, while satisfying vegetation 

water requirements and facilitating peat accumulation (Price et al., 2010). Moreover, the system is 

designed to function in a simplified, but analogous manner to fen-upland ecosystems common in 

undisturbed landscapes of the WBP, where uplands supply groundwater to downgradient peatlands 

(Wells et al., 2017; Elmes and Price, 2019). As such, there is no manual manipulation of the water 

table at NFW. Hydrological inputs to the system include precipitation and surface runoff from the 

surrounding, previously reclaimed hillslopes (Figure 2-1A) and fen hydrology is dependent on the 

down-gradient transport of water from the upland aquifer (Sutton and Price, 2020a; Ketcheson et 

al., 2016). Surface water is discharged through an outflow located in the northeastern corner of the 

fen. A complete account of NFW hydrological functioning is given in Ketcheson et al. (2017).  

Construction of the upland-fen complex began in 2012 and concluded in January 2013. 

Planting and revegetation were initiated in June 2013. In 2014, additional peat was added to the 

fen, in an attempt to counter ponding, and additional tamarack (Larix laricina) seedlings were 

planted in the upland. The upland surface was subsequently modified through tillage to create 

furrows perpendicular to flow, to limit excessive overland flow, increase recharge to the upland 

aquifer, and better facilitate development of plant rooting architecture (Sutton and Price, 2020a; 

Gingras-Hill et al., 2018; Ketcheson et al., 2017; Daly et al., 2012). In June 2015, a subsequent 

upland planting campaign occurred to actualize desired stand density (~10,188 additional tree and 

shrub saplings; Gingras-Hill et al., 2018).  
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Figure 2-1: A) Map of the Nikanotee Fen Watershed depicting the regions of interest (Fen and 
Upland) and the locations of soil moisture pits, eddy covariance and meteorological towers and 
water monitoring wells. B) Summary of key changes and milestones in site development over the 
first seven years following construction. C) Satellite imagery of site (plant) development. D) 
Stratigraphic cross-section along a central transect (A-A’, shown in Figure 2-1C-2013) depicting 
the layering of substrate materials and general groundwater flow direction. The thickness of each 
layer is indicated in parentheses. Note that the thickness of the clay liner in the diagram is not to 
scale (illustrated thicker than the actual 0.05 m thickness).  
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Materials used in construction included locally and readily available recovered materials 

from mining operations, such as by-products of the bitumen extraction process (tailing sand, 

petroleum coke) and salvaged overburden (peat and forest mineral soils) from the initial clearing 

of natural landscapes on oil sands leases (Daly et al., 2012). In addition to being abundantly 

available, these recovered materials were used as they had the appropriate hydrophysical properties 

for recreating the requisite hydrologic connectivity (Price et al., 2010). The constructed upland-

fen complex is underlain by an impermeable, engineered geotextile clay liner (0.05 m thick), which 

encourages lateral flow while limiting deep water loss to the regional water table (Figure 2-1D). 

Above the liner is a 0.5 m thick layer of tailing sand overlain by a 0.5 m thick layer of petroleum 

coke, which extends beneath the fen and partway into the upland, acting as a highly permeable 

underdrain to improve hydrological connectivity and more evenly distribute water and solute flows 

beneath the fen (Figure 2-1D; Simhayov et al., 2017; Daly et al., 2012).  The entire system was 

constructed on, and due to the clay liner is hydrologically isolated from, a fine-textured over 

burden dump (Figure 2-1D).  

 In the upland, 2-3 m of tailing sand creates an aquifer to support transport of water from 

upland to fen due to its relatively high hydraulic conductivity (Sutton and Price, 2020a). However, 

these physical properties also result in poor moisture retention, which in turn impedes plant growth 

and development (Fung and Macyk, 2000). Moreover, as a by-product of bitumen extraction, 

tailing sand contains residual amounts of highly mobile solutes, namely sodium (Na+), amongst 

other constituents (Simhayov et al., 2017; Rezanezhad et al., 2012), which can affect water quality 

(Biagi et al., 2019; Kessel et al., 2018; Simhayov et al., 2017; Rezanezhad et al., 2012) and plant 

function and diversity (Vitt et al., 2020; Nwaishi et al., 2016; Pouliot et al., 2012; Trites and 

Bayley, 2009). As such, a capping layer of salvaged forest soil (LFH, sandy loam to loam) was 
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placed on top of the tailing sand to better promote plant growth and function by limiting the degree 

of solutes in the rooting zone and improving rooting zone water retention (Naeth et al., 2013). 

Cover soil thickness is variable throughout the upland and ranges between 20 to 50 cm thick.   

Planting prescriptions followed procedures outlined by the Cumulative Environmental 

Management Association revegetation manual (Alberta Environment, 2008). Revegetation used 

native species common to WBP uplands such as black spruce (Picea mariana), jack pine (Pinus 

bankstana), willow (Salix sp.), Labrador tea (Ledum rhododendron), bunch berry (Cornus 

stolonifera), and bog cranberry (Vaccinium oxycoccos) and is classified as a ‘b/d’ ecosite - 

consisting of tree and shrub species (Beckingham et al., 1996). The upland is characterized by its 

deep water table (~2 m bgs) and drier surface conditions (Table 2-1).  

The fen consists of 2 m of donor peat salvaged from newly developed lease areas, which 

was well decomposed, and intentionally derived from lower horizons lacking living roots, seeds 

or rhizomes. The fen was revegetated using an experimental factorial design that included 

mulching and weeding treatments on plots that had control (bare), moss, seedlings, seedling and 

moss and seeds (Borkenhagen and Cooper, 2019). In anticipation of pulses of Na+-rich upland 

water, planting prescriptions incorporated both freshwater and saline sedge and graminoid species 

(Carex aquatilis (water sedge), Calamagrostis stricta (narrow reed grass), Juncus balticus (wire 

rush), Triglochin maritima (seaside arrow grass)), as well as a combination of Sphagnum and 

brown moss species harvested from a local rich fen via the moss transfer method (Rochefort et al., 

2003). Ponds were not part of the original design, but the fen has had permanent standing water 

since 2013 and much of these ponded regions have become robust with invasive Typha latifolia. 

The fen is classified as a ‘j’ ecosite – rich fen dominated by sedge species (Beckingham et al., 

1996). In contrast to the upland, the fen is characterized as a much wetter environment with a near 
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surface water table and high volumetric water content (Table 2-1). During the study period, NFW 

experienced several biophysical changes driven by autogenic and allogenic factors. Figure 2-1B 

provides a summary of milestones in site development.  

Table 2-1: Soil and vegetation characteristics of the NFW fen and upland. Soil moisture and water 
table depths are mean values from 2013-2019.  

 Fen Upland 

Size (ha) 2.9 7.7 

Substrate (m) 2 m salvaged peat 
0.5 m petroleum coke 

0.5 m tailing sand 

0.2 – 0.5 m salvaged forest floor 
material (LFH; cover soil) 

0.5 m petroleum coke 
3 m tailing sand 

Planted June 2013 June 2013 

July 2015 

Dominant Species  
(as of 2019) 

Carex aquatilis 

Juncus balticus 

Typha latifolia 

Ptychostomum  
pseudotriquetrum 

Populus tremuloides 

Populus balsamifera 

Picea mariana, 

Pinus banksiana 

Volumetric Soil Moisture (5 cm) (%) 84 20 

Volumetric Soil Moisture (30 cm) (%) 87 32 

Water Table Depth (cm bgs) 8 209 

 

2.3 Methods 

This study focuses on the upland and fen landscapes of the NFW system (Figure 2-1) during the 

snow-free, growing season period (May – September; DoY 135-255, n = 120 days) from time of 

construction (2013) to present (2019). Here, peak season is defined as end of June to early August 

(DoY 170 – 220), based on plant dynamics and meteorological trends. 2016 has limited data 

(covering only DoY 178 – 230 (n = 52) in the fen and DoY 178 – 256 (n = 78) in the upland) due 

to the Horse Creek wildfire evacuation that affected Fort McMurray and surrounding region.  
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2.3.1 Micrometeorological Setup 

Both upland and fen meteorological systems had similar sensor configurations. Ground heat flux 

(Qg, Wm-2) was calculated using ground heat flux probes (HFT3; Campbell Scientific: Logan, 

Utah, USA) inserted horizontally at depths of 5 cm below the ground surface, several meters apart 

and facing south. Air temperature (Tair, oC) and relative humidity (rH, %) were measured using a 

Rotronic HC2S3 (Campbell Scientific: Logan, Utah, USA), while precipitation (P, mm) with a 

tipping bucket  (Texas Instruments TR-525M) placed within a clearing near the tower to avoid 

canopy and tower influences. 2016 precipitation data was gap-filled using nearby environment 

canada records. Vapour pressure deficit (VPD, kPa) was calculated using saturated vapor pressure 

(es), actual vapor pressure (ea), relative humidity (rH) and air temperature (Tair), (Howell and 

Dusek, 1995). Net radiation (Q*, Wm-2) was measured using a CNR4 (Kipp Zonen; Delft, 

Netherlands).  All meteorological data was sampled at 1-minute intervals and averaged every 30-

min on a CR1000 datalogger (Campbell Scientific: Logan, Utah, USA).  Each site had coupled 

eddy covariance systems, consisting of a closed path CO2/H2O gas analyzer (LI-7200: LI-COR: 

Lincoln, Nebraska, USA) and 3D sonic anemometer (Windmaster Pro: Gill Instruments: 

Lymington, Hampshire, UK) from 2013-2014, and an open path CO2/H2O gas analyzer (LI-7500: 

LI-COR: Lincoln, Nebraska, USA)  with a 3D sonic anemometer (CSAT3 3D: Campbell 

Scientific: Logan, Utah, USA) from 2015-2019. Half-hourly values of photosynthetically active 

radiation (PAR) were derived from measured incoming shortwave radiation (CNR4 (Kipp Zonen; 

Delft, Netherlands) using a numerical coefficient (Britton and Dodd 1976) and the 

LakeMetabolizer package in RStudio (Winslow et al., 2016; R Core Studio, 2021). Due to 

developing vegetation in the upland, the height of the eddy covariance system increased from 2 m 

(2013-2017) to 3 m (2018-2019) to maintain representative flux footprints (Figure 2-2). 
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2.3.2  Eddy Covariance Data Processing 

Raw eddy covariance (EC) data were collected at 20 Hz and averaged every 30-min where 

corrections for coordinate rotation (double rotation; Kaimal and Finnigan, 1994), time lag and 

sensor separation (Leuning and Judd, 1996) and density effects (Burba et al., 2012) were applied, 

following common Fluxnet protocols (Webb et al., 1980; Leuning and Judd, 1996; Foken and 

Leclerc, 2004; Aubinet et al., 2012). Resulting half-hour fluxes were then processed to ensure each 

half-hour flux record had 80% of the high-frequency records to maintain data quality. Data 

collected from open path systems (2015 – 2019) had additional filtering to remove periods that 

experienced precipitation or had the potential for dew formation on the infrared gas analyser 

lenses. Further outliers were removed by comparing a moving average for 10 half-hour means ± 3 

standard deviations of neighboring values, as well as comparing each half-hour for each year to 

remove any outliers that were outside of a ± 3 standard deviations.  A final manual check was 

completed to remove any physically improbable values. The Kljun et al. (2004) footprint analysis 

was used to constrain the measured fluxes to be within 80% of the desired site boundaries; this 

was also used to determine flux distances used in this study (Figure 2-2). Periods of low friction 

velocity (u*) were removed following methods outlined in Wutzler et al. (2018), using a 50% u* 

threshold for all flux data. Filtered NEE were gap-filled using MDS method outlined in Reichstein 

et al. (2005) and then partitioned into respiration (Reco) and gross ecosystem production (GEP) 

using the relationship between night-time respiration and Tair (Reichstein et al., 2005). In this 

study, negative NEE indicates net ecosystem CO2 uptake from the atmosphere. Latent heat flux 

(Qe) was gap-filled by scaling potential evapotranspiration (PET) to actual 

evapotranspiration (AET) by calculating the ratio between AET and PET, where α is the scaling 

variable, for each available half-hour. This ratio was then gap-filled using the MDS method 
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outlined in Reichstein et al. (2005) where Q*, VPD, and u* were used as the gap-filling conditions. 

Sensible heat flux (Qh) was then gap-filled by solving the energy balance equation, using measured 

and gap-filled Q*, Qe and Qg.  Water-use efficiency (WUE) was calculated as a ratio between 

gross ecosystem productivity (GEP) and AET (Volik et al., 2021). 

2.3.3  Edaphic Conditions and Hydrometric Network 

Continuous measurements of volumetric water content (VWC) were collected at soil moisture pits 

along a north-south transect across both landscape units (three in upland, one in fen) (Figure 2-

1A). VWC was measured over depths of 5 – 100 cm, however, only the 5, 15, 30 cm depths are 

reported here, as they represent the zone of most root biomass. Soil moisture pits were 

instrumented with dielectric impedance reflectometry soil moisture probes (Stevens Hydra Probe 

II) at each respective depth and recorded dielectric permittivity at one-minute intervals. 

Measurements were temperature and salinity corrected and converted to VWC based on a 

calibration (Seyfried et al., 2005) specific to the substrate material the probes were located in. 

Values were subsequently averaged to daily intervals.  Soil temperature was measured at the 

meteorological stations using thermocouples (Type k thermocouple (2013-2018), CS-109 soil 

temperature probes (2019)) at 5 cm depth.  

An extensive monitoring network of wells and piezometers was installed across NFW 

(Figure 2-1). WTD was logged automatically through pressure transducers (HOBO MX2001-S, 

Onset, Massachusetts, USA) and coupled with weekly manual measurements. Wells were 2.54 cm 

inner diameter (I.D.) polyvinyl chloride (PVC) pipes that were fully slotted and wrapped with well 

screening (Ketcheson et al., 2017). Well depths were 1.5 m in the fen and 2.75 m in the upland 

(initially). In 2014, upland wells were lengthened to capture water table positions below 3 m.  
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Figure 2-2: Footprint of tower fetch for fen and upland from 2013 - 2019. Fetch decreases as the 
system develops. Increase in plant height results in an increase in surface roughness (thus, decrease 
in fetch). Note the similar extent of flux footprint in the fen from 2016 onwards once vegetation 
becomes stable. 

2.3.4 Vegetation 

2.3.4.1 Field-based measurements 

Leaf area index (LAI) was measured monthly along transects across both landscapes using LP-80 

(2014-2018) and LI-2200C (2019) LAI probes. Two readings were taken at each measurement 

location: one at, or near, the ground surface and another above the understory vegetation. This 

allowed LAI results to be calculated for the understory and canopy layers, as well as the sum total. 

LAI was corrected for canopy clumping, needle-to-shoot, woody-to-total area ratios, and sun-

scattering effects (Chen, 1996; Chen et al., 1997; Li-Cor, 2013). The sparse nature of the upland 
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canopy made it difficult to measure LAI of the canopy without large uncertainty and error. As 

such, LAI measurements are supplemented with other vegetation metrics to provide a more 

accurate description of vegetation characteristics.    

 Non-destructive vegetation surveys were conducted annually during peak growing season. 

In the fen, 60 x 60 cm collars installed for chamber-based CO2 flux measurements were used as 

the survey area (n=32), where percent cover of vascular plant species, litter, bare ground, and water 

were estimated, along with measurements of plant height and litter thickness. In the upland, tree 

surveys were completed using 10 randomly placed 10 m x 10 m plots, where species, height, and 

diameter at breast height (DBH) were measured. Trees less than 1.37 m in height were classified 

as saplings. Understory vegetation surveys were completed within these large plots (n=5 within 

each 10 x 10 plot), using a randomly placed 1 x 1 m quadrat.   

2.3.4.2 Enhanced Vegetation Index 

Enhanced vegetation index (EVI) was derived to supplement field-based measurements and 

capture spatial and temporal vegetation development. While many vegetation indices are available 

(e.g., Normalised Difference Vegetation Index (NDVI); Red Edge Position (REP); Photochemical 

Reflectance Index (PRI) and EVI; see Lees et al. (2018) for more details), EVI best fit the “open” 

canopy nature of NFW, as it includes the blue band and background canopy correction, which 

helps better discern vegetation from wet, dark soils and leaf litter (Huete et al., 2002) - both of 

which are common in peatland settings. Additionally, EVI adjusts for atmospheric interference 

(clouds and aerosol particulates; Huete et al., 2002) and has been successfully applied in settings 

where biomass burning results in increased aerosol particulates (Ben‐Ze'ev et al., 2006; Miura et 

al., 1998) and in regions with high pollution (Tariq et al., 2021; Zhang et al., 2016). Aerosol 
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interference is amplified at NFW, compared to natural settings, due to its proximity to mining 

operations (e.g., mine dust) and frequent forest fire haze.  

EVI consists of reflectance from the near infrared (NIR), red (R) and blue (B) bands within 

the short-wave spectrum and is calculated using: 

𝐸𝑉𝐼 = 𝐺	 !"#$#%&
!"#'(!	×	#%&$	("×	+,-%',	

      (1) 

where L is the canopy background adjustment that addresses nonlinear, differential NIR and RED 

radiant transfer through a canopy, and C1, C2 are the coefficients of the aerosol resistance term, 

which uses the blue band to correct for aerosol influences in the red band. Coefficients adopted in 

the EVI algorithm are, L=1, C1 =6, C2 = 7.5, and G (gain factor) = 2.5 (Huete et al., 2002; Huete, 

et al., 1997; Huete et al., 1994).  

Here, satellite-derived, 30-m resolution EVI provides an ecosystem scale snapshot of 

vegetation development using Landsat 8 imagery acquired through USGS (Vermote et al., 2016).  

Temporal resolution of Landsat 8 is 8-16 days and had complete coverage during the study period. 

EVI was derived using the Google Earth Engine (GEE) application processing interface (API; 

Gorelick et al., 2017) and post-processed using a cloud masking script (modified by authors from 

GEE API Guides) to further remove effects of cloud cover, forest fire haze and mine dust 

(correcting for 75% of interference). Mean, peak-season (DoY 170-220) EVI values are presented 

here as a metric to spatially characterize the extent and development of vegetation in years 

following construction. Additionally, the mean of a 60 x 60 m pixel grid located at the epicenter 

of flux tower footprints was calculated to create a time series spanning 2013-2019. In order to 

provide context to EVI results, the grid method was applied to two nearby natural systems 

comprised of similar plant communities as well (saline fen and mixed wood upland).    
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2.4 Results  

2.4.1  Environmental Conditions 

As the two landscapes are adjacent to one another, meteorological variables (such as Tair and P) 

were consistent between the two landscapes. Differences between the two landscapes were most 

apparent in edaphic conditions and vegetation.   

2.4.1.1  Climatic Conditions 

Tair throughout the growing seasons varied between -4 to 36 oC (Figure 2-3B), while average 

seasonal temperatures ranged between 15.5 – 19.3 oC and were consistently above the 30-year 

climate normal (13.3 oC; Table 2). June, July, August (JJA) average temperatures ranged from 

17.4 to 20.3 oC (again, above the 15.7 oC 30-year normal), with 2016 being the warmest and 2019 

the coolest. Based on Tair and P trends, 2015 and 2017 were considered warmer, drier years (<200 

mm year-1), while 2018, 2019 were cooler and wetter (Table 2-2).  

P ranged between 168 (2017) and 310 mm (2016), and all years except 2016 and 2019 had 

less rainfall than the 30-year average (283.4 mm; Figure 2-3A). Interannual variability in the 

timing, frequency and intensity of rain events was also present throughout the study period. 

Generally, most rainfall occurred during the months of June and July with the exception of 2019, 

where 126 mm (44% of seasonal rainfall) occurred in August. Over the seven-year study period, 

75% of rain events were < 5 mm day -1. Large/intense rain events (>30mm day-1) typically occurred 

towards the end of July and into August (2018, 2019). Of note is July 2018, where 86 mm of rain 

fell over 4 days (30% of 2018 total rainfall), resulting in extensive ponding within the fen.  

Maximum photosynthetically active radiation (PAR) typically occurred in mid to late June 

(between DoY 155-180), ranging between 1590 to 2042 µmol m-2 s-1. During peak season, PAR 
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was highest between 11h00-17h00, with an interannual average of 947 µmol m-2 s-1. By mid-

August, PAR begins its  

 
Figure 2-3: Seven-year time series of seasonal meteorological characteristics for the Fen (green) 
and Upland (grey). A) Daily precipitation (P, mm). B) Mean daily air temperature (Tair, °C). C) 
Mean daily relative humidity (rH, %). D) Mean daily vapour presser deficit. (VPD, kPa). E) Mean 
daily mid-day (10:00 – 16:00) photosynthetically active radiation (PAR, umol m-2 s-1). F) mean 
daily net radiation (Q*; Wm-2). Note the significant overlap between fen and upland values. Due 
to the close proximity of the landscapes (and thus towers; <300 m apart) atmospheric conditions 
were largely similar. Missing data in 2016 is due to Horse Creek Wildfire. Missing data from the 
upland in  2017 Upland is due to instrumentation malfunction. 
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autumn decline with daytime values averaging 731 µmol m-2 s-1. A wide range of daily relative 

humidity values with an interannual average of 64% (Figure 2-3C) was observed. Of note, was the 

relatively large VPD, which remained relatively constant both intra and inter seasonally and 

reflected a large atmospheric demand for ET. Average seasonal VPD ranged between 0.75 (2019) 

to 0.97 (2017) kPa, with fluctuations in seasonal variability mirroring rainfall events (lower during 

wet periods/years) (Figure 2-3D).  Interannual net radiation (Q*) varied between the fen (137 Wm-

2) and upland (99 Wm-2). Fen Q* had remained relatively constant from 2014 onwards, whereas 

upland Q* exhibited an increasing trend as vegetation continued to mature. A more detailed 

examination of the surface energy balance is discussed in Chapter 3.  

2.4.1.2 Edaphic Conditions 

Water table (WT) position varied significantly between the two landscapes, being generally near 

the surface (interannual mean 8 cm bgs) in the fen and much deeper (interannual mean 209 cm 

bgs; Figure 2-4C) in the upland. Seasonally, mean water table depth (WTD) fluctuated slightly in 

the fen between wetter (2014, 2018, 2019) and drier years (2015, 2017). The largest range in fen 

WTD was in the year following construction (2013, -13 to 45 cm bgs); however, the initially low 

WT was during the wetting-up period of the fen. Mean upland WTD ranged between 158 cm bgs 

in 2014 to 257 in 2019. In both landscapes, smaller scale (<10mm), sporadic rain events appear to 

have a negligible impact on WTD position, however, larger or recurring rain events (2018) or 

prolonged dry periods (2017) influenced WTD (Figure 2-4A, C).  

Edaphic conditions between the two landscapes varied significantly due to differences in 

substrate that affect the soil water holding capacity and the aforementioned differences in WTD. 

Fen soil temperatures varied from -4 (Sept 2014) to 29 oC (June 2015) (Figure 2-4B). Seasonally, 

mean peat temperatures decreased over time from 16.6±4 (2013) to 12.1±4 oC (2019). Warmest 
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mean seasonal peat temperatures occurred in 2014 (18.6±7 oC). Mean seasonal upland soil 

temperature varied less across all years, decreasing only slightly over time from 20.5±7 (2013) to 

18.3±5 oC (2019).  

Soil volumetric water content (VWC) was measured at 5, 15, and 30 cm bgs. In both 

landscapes, 30 cm values were consistently wettest (87% fen, 33% upland) and upper 5 cm driest 

(83% fen, 19 % upland) (Figure 2-4D). Fen VWC remained high throughout all years, ranging 

between 72 to 92 % (Figure 2-4D). Moreover, fen VWC appeared to remain relatively stable, with 

only slight increases occurring during large rain events. However, prolonged dry periods in the fen 

led to a decline in moisture content in the near surface (top 5 cm), as exhibited in 2017 when values 

dropped from 85% down to 72 % (Figure 2-4D). During wetter years, fen VWC measured at 15cm 

depth was 2-6% drier than the upper, near surface peat, while the opposite trend emerged during 

drier years (5cm typically drier than deeper peat). Upland soil layers exhibited larger differences 

between depths and were generally much drier.  Mean daily VWC ranged from 10 – 40 % (Figure 

2-4D). In contrast to the fen, upland VWC showed rapid responses to rain events, resulting in 

values fluctuating up to 20% over a few days (see years 2018, 2019 in Figure 2-4D).  
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Figure 2-4: Time series of edaphic and water table conditions in the Fen (green) and Upland (grey) 
from 2013 – 2019). A) Daily precipitation (mm). B) Mean daily soil temperature (C) at 5 cm below 
ground surface. C) Mean daily water table levels (cm below ground surface). D) soil moisture 
conditions (volumetric water content) at 5 (light blue), 15 (blue)  and 30 (dark blue) cm below 
ground surface.

10

20

30

T 
so

il 
(C

)

0

25

50

75

100

2013 2014 2015 2016 2017 2018 2019
0

20

40

P 
(m

m
)

Fen

Upland

A)

B)

C)

D)

W
TD

 (c
m

 b
gs

)
VW

C
 (%

)

-30 cm         -15 cm        -5 cm

256 mm 230 mm 183 mm 245 mm 167 mm 277 mm 284 mm

150 200 250150 200 250150 200 250150 200 250150 200 250150 200 250150 200 250

Fen Upland

DoY

ï���

ï���

ï���

0

gap-!lled



 

 27 

Table 2-2: Summary of growing season means (±SD) of NFW environmental variables: air temperature, precipitation, relative humidity, 
vapour pressure deficit, photosynthetically active radiation, net radiation, water table depth, soil temperature, volumetric water content 
(at 5, 15 and 30 cm depths), electrical conductivity (Ec), and sodium concentration (Na+). Ec and Na+ are presented here as they depict 
changes in water quality during ecosystem development. Methods and a detailed analysis of solute transport and water quality changes 
at NFW are discussed by Kessel et al. (2018).  

 
Tair P rH VPD PAR 

mid-day 
Q* WTD Tsoil VWC 

5 cm 
VWC 
15 cm 

VWC 
30 cm 

Ec2 Na+2 

  °C mm % kPa umol m-2 s-1 Wm-2 cm bgs °C % % % µs cm-1 mg L-1 

Fen              

2013 18±5 256 64±22 0.86±0.71 1034±620 123±200 8±19 16±4 83±3 78±1 79±1 2051±635 96±51 

2014 17±6 230 66±21 0.81±0.71 1091±480 143±212 -3±1 19±7 84±2 75±2 83±2 2524±832 79±59 

2015 17±6 183 62±22 0.85±0.72 1138±490 146±213 11±5 18±7 84±2 85±1 89±1 2606±708 157±89 

2016 19±5 3101 66±19 0.91±0.72 1115±461 147±205 12±5 16±2 79±3 84±0 88±1 2954±1376 158±99 

2017 17±6 168 60±22 0.97±0.77 1161±459 146±207 18±8 16±4 82±5 85±1 9±2 2914±885 179±80 

2018 17±7 278 63±22 0.89±0.84 1006±480 130±189 8±4 13±4 85±0 85±1 88±1 2440±767 219±114 

2019 15±6 285 65±23 0.75±0.72 1027±461 130±186 1±6 12±4 85±1 85±1 89±1 -- 112±99 

              

Upland              

2013 18±5 257 64±22 0.88±0.73 1150±476 85±169 -- 21±7 26±2 28±1 38±0 2623±1090 269±162 

2014 17±6 231 66±21 0.81±0.74 1109±476 90±168 158±19 20±8 21±3 25±3 36±1 2131±901 132±107 

2015 17±6 183 61±22 0.93±0.79 1193±487 91±173 207±7 21±6 15±2 17±2 27±2 2332±812 241±152 

2016 18±5 3101 67±20 0.81±0.7 1044±484 100±181 200±17 21±5 16±1 22±1 34±0 2522±887 131±72 

2017 18±6 141 59±22 0.99±0.77 1200±489 124±197 220±10 20±4 15±4 19±5 29±6 3254±1195 180±66 

2018 17±7 278 63±22 0.9±0.85 1073±511 103±175 213±20 19±5 18±5 21±5 31±3 2596±997 184±148 

2019 16±6 285 65±23 0.76±0.73 1106±493 106±176 257±19 18±5 22±9 23±5 33±3 -- -- 
1 Fen and upland 2016 P gap-filled due Horse River fire evacuations using Environment Canada data 
2 Mean value from all well and piezometer depths, methods and values reported by Kessel et al., 2018.   
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2.4.1.3 Vegetation Dynamics 

Fen plant community was dominated by Carex aquatilis, with smaller regions of Typha latifolia 

and Juncus balticus, with Typha latifolia dominating ponded regions. The greatest increase in fen 

plant foliage occurred from 2014 to 2015, with aboveground biomass and LAI increasing from 

395.38±46 g m-2 and 0.4±0.14 to 518.20±29 g m-2 and 1.21±0.08, respectively (Table 3; Messner, 

2019). 2015 onwards, LAI remained relatively constant (interannual mean of 1.53±0.21) and 

values were typically largest in August. 2018 exhibited lowest foliage yields out of all developed 

years (aboveground biomass: 412.14±38, LAI: 0.59±0.07). As of 2019, mean plant height was 54 

cm (Carex aquatilis), 105 cm (Typha latifolia) and 41 cm (Juncus balticus). Carex aquatilis and 

Typha latifolia both produce large amounts of seasonal litter, resulting in litter thickness at the fen 

varying between 5 to 27 cm thick (18 cm average) as of 2019 (Table 3).  

Upland trees developed slowly during initial years and became robust by 2017.  Prior to 

2017, the upland was dominated by patches of bare ground, understory vegetation (shrubs and dry 

grasses) and juvenile trees. Upland LAI ranged from 0.02 (2013) to 2.56 (2019; Table 3). 

Typically, peak LAI values were observed in July with broadleaf species senescing by mid-August. 

As of 2019, mean tree height of all species ranged between 1.14 and 1.87 m (Table 3). Variability 

in tree height and DBH was large for Populus balsamifera due to the significant abundance of tree 

saplings in the transect area (excluding saplings, average height and DBH are 1.9 m, 4.2 cm).  

Seasonal mean EVI values for the fen illustrate the rapid increase from bare ground in 2013 

(0.18±0.04) to expansive plant coverage by 2015 (0.36±0.1) (Figure 2-5A), with an EVI >0.2 

representing a vegetative signal (Huete et al., 2002). From 2015 onwards, mean seasonal EVI 

fluctuated between 0.32±0.09 (2019) to 0.47±0.16 (2017). Mean peak season EVI values varied 
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between early years (2013-2014) and later years (2015-2019), after vegetation became established, 

from 0.25 to 0.48, respectively. 2017 exhibited the highest mean peak season EVI of 0.59±0.06.  

Upland EVI values increased annually, but at a slower rate, compared to the fen, with values 

remaining low from 2013-2016 (interannual mean 0.23±0.0; Figure 2-5A). As trees matured, EVI 

increased from 2017 onwards (interannual mean   0.44±0.02h; Figure 2-5A; Table 2-3).  

 

 

Figure 2-5: Temporal snapshot of plant development in the fen and upland from 2013-2019. A) 
Ecosystem scale mean peak season (DoY 170-220) Enhanced Vegetation Index (EVI). B) 
Timeseries of EVI values from the mean of a pixel grid (60 x 60 m) located at the epicenter of flux 
tower footprints (white square). Light green and grey shading depict values from nearby natural 
sites with similar plant compositions.  
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Table 2-3: Summary of average (± SD) vegetation biometrics for the NFW fen and upland from 2013-2019 including seasonal 
aboveground biomass (measured in the fen only), leaf area index (LAI), enhanced vegetation index (EVI) for the growing season and 
peak season (DoY 170 – 220), vegetation or tree height, diameter at breast height (dbh) and litter thickness. – represents years where 
measurement was unavailable due to juvenile plant size (fen 2013; upland 2013-2016) and/or incomplete data due to instrument 
malfunctions or unfavourable environmental conditions.  

 

Aboveground 
Biomass1 LAI EVI EVI Vegetation Height 

cm Litter Thickness 

  g m-2  growing season peak season Carex Juncus Typha  cm 

Fen          

2013 -- -- 0.18±0.04 0.21±0.03 -- -- --  -- 

2014 395±46 0.4±0.14 0.24±0.06 0.26±0.03 8.6±5.0 8.2±2.8 --  -- 

2015 518±29 1.21±0.08 0.36±0.11 0.44±0.01 -- -- --  2.7±1.6 

2016 557±38 -- 0.45±0.12 0.49±0.07 -- -- --  -- 

2017 521±34 1.77±0.18 0.47±0.16 0.57±0.06 51.3±10 45.5±5 95±26  12±6.2 

2018 412±38 0.59±0.07 0.38±0.14 0.49±0.03 46±7 47±9 101±28  16.2±7.6 

2019 442±31 1.63±0.26 0.32±0.09 0.39±0.02 54±14 41±12 105±23  17.8±9.5 

          

     
Deciduous Coniferous 

 
          height (m) dbh (cm) height (m) dbh (cm)   

Upland          

2013 -- -- 0.16±0.03 0.17±0.02 -- -- -- -- -- 

2014 -- -- 0.21±0.03 0.23±0.02 -- -- -- -- -- 

2015 -- 0.62±0.07 0.23±0.03 0.22±0.03 -- -- -- -- <1 

2016 -- 0.79±0.12 0.31±0.04 0.31±0.03 -- -- -- -- <1 

2017 -- 0.82±0.30 0.35±0.09 0.42±0.04 1.17±68 1.67±0.44 -- -- 2.7±0.30 

2018 -- 0.75±0.02 0.34±0.14 0.44±0.05 1.70±0.61 2.12±0.67 1.47±0.40 1.3±0.58 3.2±0.50 

2019 -- 2.57±0.20 0.41±0.09 0.47±0.01 1.85±0.45 4.46±1.2 1.58±0.38 1.35±0.25 3.8±0.75 
1 Collected and analyzed by Messner, 2019   
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2.4.2 Carbon Dynamics 

2.4.2.1 Gross Ecosystem Production (GEP) 

Total GEP in the fen increased significantly, with total growing season values of 24 g C m-2 in 

2013 to 279 g C m-2 in 2019 (Table 4A).  Following planting (2014 onwards), seasonal fen GEP 

has remained above 279 g C m-2 (2019). Highest seasonal GEP occurred in 2015 at 512 g C m-2, 

coinciding with the first year that vegetation was robust and expansive across the entire fen. Peak 

season (DoY 170-220) daily average GEP ranged from 0.7±0.8 g C m-2 day -1 (2013) to 5.6±1.5 g 

C m-2 day -1 (2015) (Table 4B). Peak season interannual average daily GEP was 4.4±1.3 g C m-2 

day -1. 2019 had the lowest peak season average at 3.4±0.7 g C m-2 day -1 and overall lowest trends 

in GEP out of the years with vegetation (2014 onwards). Highest daily GEP typically occurred in 

July (between DoY 180-210) and ranged between 2.6 (2013) to 8.4 (2015) g C m-2 day -1. Average 

seasonal daily GEP ranged between 0.5±0.5 to 5.2±1.6 g C m-2 day -1 (Table 4B).  

In the upland, total seasonal GEP increased from 65 in 2013 to 439 g C m-2 in 2019. Lowest 

average daily upland GEP was in 2013 at 0.5±0.3 g C m-2 day-1, followed by an increase in 2014 

(2±1.3g C m-2 day-1), likely due to emergence of sparse understory vegetation (Table 4A). 

Moreover, there was a substantial increase in upland daily GEP in 2018 and 2019 (3.7±1.7 and 

3.7±1.4 g C m-2 day-1; Table 4B ), when tree and understory vegetation were more established. 

2017 onwards, seasonal GEP begins to exhibit a typical parabolic shape that follows foliation, 

peak season, and senescence in deciduous tree dominated ecosystems (Figure 2-6B). Similar to the 

fen, highest rates of GEP in the upland occurred between DoY 171 – 215, with later years all 

occurring before day 200 (191, 171, 181). Maximum daily GEP ranged from 1.4 (2013) to 7.9 

(2018) g C m-2 day-1.    
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2.4.2.2 Respiration (Reco) 

Total seasonal fen ecosystem respiration (Reco) also fluctuated during the first three years (2013-

2015) ranging between 94 g C m-2 (2013) to 404 g C m-2 (2014, Figure 2-5A; Table 2-4A). From 

2016 onwards, total Reco remained relatively stable, ranging between 102 – 268 g C m-2 seasonally 

(Figure2- 6; Table 2-4A). Daily average Reco ranged between 1.3±0.4 to 3.4±1.6, 2 g C m-2 day-1 

(Table 2-4B).   

Overall, upland Reco was greater than in the fen across all years, with totals ranging from 

207 (2016) to 620 g C m-2 (2014). Lower totals in 2016 and 2017 (246, 267 g C m-2) were the 

result of missing data from tower malfunctions and fire evacuation. Higher Reco in the upland 

compared to the fen corresponds to the higher upland soil temperatures and lower soil moisture 

(Figure 2-4).  

2.4.2.3 Net Ecosystem Exchange (NEE) 

The fen quickly developed from a carbon source (70, 2013) to a steady sink by 2015 (-243 g C m-

2) after which NEE remained a relatively stable sink of CO2 (Table 2-4A, Figure 2-7). Average 

daily NEE ranged from 1.5±0.4 (2013) to -3.3±1.4 g C m-2 day-1 (2015), with highest NEE rates 

typically occurring in early July (Figure 2-6). The highest daily rate of NEE occurred in 2016 at -

6.2 g C m-2 day-1. Peak NEE occurred between DoY 185-206 in all years except for 2014 (DoY 

243). Daily peak season uptake from 2015 – 2019 ranged between -1±1 (2019) to -3.3±1.4 (2016) 

g C m-2 day-1 (Table 2-4B).  In 2015 the fen was a daily C sink throughout the observation period 

(Figure2- 7). From 2017 onwards, the start of daily CO2 uptake occurred later each season. The 

timing of when net CO2 uptake became prominent at the site followed plant green-up, with the 

latest date (post-2015) occurring in mid-June (DoY 160) in 2019.  
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In the upland, as vegetation became more established and GEP increased, a notable 

improvement in C sink capacity and daily C uptake occurred.  Highest upland C emissions 

occurred during 2013, with 519 g C m-2 released.  This subsequently decreased to an annual source 

of only 46 g C m -2 in 2019 (Figure 2-7, Table2- 4A). Average daily seasonal rates decreased from 

4.4±1.0 g C m-2 day-1 in 2013 to 0.4±0.9 g C m-2 day-1 in 2019 (Table 4B). From 2017 onward, 

daily C uptake begins to occur more frequently throughout the season (Figure 2-7) from 0 days of 

uptake (2013-2016) to 21 days in 2017 (-8 g C m-2 sequestered) and 44 days in 2019 (-22 g C m-2 

sequestered), equivalent to 0, 17 and 37% of growing season days with carbon uptake, 

respectively. 

 

 

 

Figure 2-6: Seven-year time series of gap-filled mean daily gross primary productivity (GEP, 
green), respiration (Reco, red) and net ecosystem exchange (NEE, blue) for the fen (top) and upland 
(bottom).  Negative NEE values indicate carbon uptake from atmosphere. 
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Figure 2-7: Gap-filled half-hourly net ecosystem exchange (NEE) fluxes from 2013 – 2019 for 
the fen (top) and upland (bottom). Each square is a half-hourly measurement, each row a full day. 
Fingerprint plots show seasonal (May-Sept, y-axis) and diurnal (hourly, x axis) trends. Note clear 
diurnal trends of C uptake once vegetation becomes established (2015 Fen, 2017 Upland). Positive 
values indicate a source of carbon to the atmosphere, negative values indicate carbon uptake by 
the surface. 2016 missing data is due to Horse Creek Wildfire. 2013 Fen: July-Aug and 2017 
Upland: August missing data is due to instrumentation malfunction. 

2.4.3 Water Dynamics 

2.4.3.1 Evapotranspiration (ET) 

Fen ET rates were higher in early years (2013-2015), in contrast to later years (2017 – 2019; Figure 

2-8; Table 2-4B). Highest daily rates typically occurred between DoY 171 – 207 (slightly earlier 

than peak GEP), with the highest daily ET occurring in 2014 (7.8 mm day-1, DoY 185). In later 

years, once vegetation growth had ensued, maximum daily ET ranged between 4.4 – 5.9 mm day-

1. Fen total seasonal ET exceed precipitation in all years during the study period (Table 4A).  
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Upland ET had remained relatively constant, with only a slight increase from 2014 to 2019.  

Mean daily ET rates ranged from 1.2±1.1 mm day-1 (2016) to 2.2±0.9 mm day -1 (2018). Total 

seasonal ET remained relatively stable from 2013 – 2019 ranging between 147 and 260 mm (Table 

2-4A) and exhibited a slight increase from 2017 onwards, coinciding with more mature vegetation. 

Upland ET exceeded seasonal precipitation in years 2015, 2016, and 2017 (Table 4A).   

 

Figure 2-8: Daily evapotranspiration (ET) rates for the fen (green) and upland (grey).  Black line 
indicates the median ET rate, the box represents the 25th to 75th quartile, the whiskers include 
95% of the range, and the black circles are outliers. 

2.4.3.2 Water-Use Efficiency (WUE) 

Fen WUE increased from 0.6±1.0 in year 1 (2013) to 1.5±1.65 (2014) g C kg H2O-1 day-1 

in the first full growing season (Table 4B).  This was followed by a relative stabilization in WUE 

across later (vegetated) years (2015 onwards) with an interannual mean of 1.7±0.5 (Figure 2-9, 

Table 2-4B). Following the development of vegetation, even in drier years (2015, 2017) WUE 

rates remained relatively stable. Upland WUE has been steadily increasing as vegetation continues 

to mature from 1.0±0.8 (2013) to 2.3±0.74(2019) g C kg H2O-1 day-1.  
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Figure 2-9: Daily water use efficiency (WUE, bottom) compared to peak season EVI (middle) 
and growing season rainfall(top). Black line indicates the median WUE, the box represents the 
25th to 75th quartile, the whiskers include 95% of the range, and the black circles are outliers.  
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Table 2-4: Cumulative (A) and daily (B) values for carbon and water fluxes. A) Cumulative growing season (gs) and peak season (ps: 
DoY 170-220) carbon and ET fluxes from the fen and upland (2013 – 2019).  CO2 uptake represents the number of days with CO2 
uptake (based off on daily NEE) over 120 growing season days 

A) Totals 
NEE Reco GEP CO2 Uptake ET P-ET 

gC m-2 gC m-2 gC m-2 days mm mm 

 gs ps gs ps gs ps  gs ps  

Fen 

20131 70 24 94 35 24 11 0 326 164 -70 

2014 -69 -1 404 225 474 226 86 424 212 -193 

2015 -244 -123 269 145 512 268 114 452 207 -268 

2016* -179 -151 102 84 281 235 53 207 166 -87 

2017 -215 -131 158 85 373 216 109 328 159 -160 

2018 -186 -128 202 111 388 239 100 348 184 -71 

2019 -123 -86 156 86 279 172 95 296 148 -12 
 

Upland 

2013 519 208 585 240 65 32 0 243 131 14 

2014 385 221 620 312 235 92 0 210 103 21 

2015 398 201 514 256 117 55 0 188 94 -5 

2016* 120 73 247 151 126 78 1 147 94 -27 

20172 73 67 267 191 194 123 21 207 118 -66 

2018 134 46 579 303 445 257 17 260 140 18 

2019 46 25 485 249 439 224 43 248 127 37 
1 Fen 2013: incomplete data due to EC tower instrument malfunction (n = 47; where n = number of days measured out of 120, see Figure 7) 
2 Upland 2017 incomplete data due to EC tower instrument malfunction (n=87) 

* Fen and upland 2016 incomplete data due Horse River fire evacuations (n = 54 (fen), 79 (upland)) 

 



 

 38 

Table 2-4: B) Daily growing season (gs) and peak season (ps) mean (± SD) carbon (NEE, Reco, GPP) and water fluxes (ET, WUE) from 
2013 – 2019.  

B) Daily 
NEE Reco GEP ET WUE 

g C m-2 day-1 g C m-2 day-1 g C m-2 day-1 mm day-1 g C kg H2O-1 day-1 

 gs ps gs ps gs ps gs ps gs ps 

Fen           

20131 1.5±0.4 1.5±0.4 2±0.8 2.2±1 0.5±0.5 0.7±0.8 3.8±1.8 4±1.9 0.6±1.0 0.6±0.6 

2014 -0.6±1.1 0±0.9 3.4±1.6 4.4±1.3 4±1.4 4.4±1.5 3.6±1.4 4.2±1.2 1.5±1.7 1.5±0.7 

2015 -2±0.8 -2.4±0.8 2.3±0.8 2.8±0.7 4.3±1.4 5.2±1 3.8±1.3 4.1±1.3 1.8±1.3 1.8±0.4 

2016* -3.3±1.4 -3.6±1.4 1.9±0.4 2±0.3 5.2±1.6 5.6±1.5 3.8±1.1 3.9±1.2 2.1±1.7 2.1±0.7 

2017 -1.8±1.2 -2.6±1.1 1.3±0.4 1.7±0.3 3.1±1.4 4.2±1.1 2.8±0.8 3.1±0.9 1.7±1.3 1.7±0.4 

2018 -1.6±1.4 -2.5±1 1.7±0.5 2.2±0.3 3.3±1.7 4.7±1 2.9±1.2 3.6±1.2 1.8±1.3 1.8±0.4 

2019 -1±1 -1.7±0.8 1.3±0.5 1.7±0.5 2.3±1.3 3.4±0.7 2.5±0.9 2.9±0.9 1.5±1.1 1.5±0.3 

           

Upland           

2013 4.4±1 4.1±0.9 4.9±1.1 4.7±1 0.5±0.3 0.6±0.3 2±1.1 2.6±1.2 1.0±0.8 1.1±0.8 

2014 3.2±1.4 4.3±0.6 5.2±1.9 6.1±1.8 2±1.3 1.8±1.5 1.8±0.7 2±0.7 1.5±0.8 1.2±0.8 

2015 3.3±1 3.9±0.6 4.3±1.2 5±0.9 1±0.5 1.1±0.6 1.6±0.6 1.8±0.7 1.0±0.4 1.0±0.5 

2016* 1±0.9 1.4±0.9 2.1±1.7 3±1.6 1.1±0.9 1.5±0.9 1.2±1.1 1.8±1 1.1±0.3 1.1±0.3 

20172 0.6±1 1.3±1.1 2.2±1.7 3.7±0.9 1.6±1.5 2.4±1.5 1.7±1.3 2.3±0.8 1.3±0.6 1.4±0.7 

2018 1.1±0.8 0.9±0.9 4.9±1.4 5.9±1 3.7±1.7 5±1.3 2.2±1 2.7±0.9 2.2±0.5 2.3±0.5 

2019 0.4±0.9 0.5±1 4.1±1.6 4.9±1.5 3.7±1.4 4.4±1.3 2.1±0.7 2.5±0.8 2.3±0.7 2.2±0.8 
1 Fen 2013: incomplete data due to EC tower instrument malfunction (n = 47; where n = number of days measured out of 120, see Figure 7) 
2 Upland 2017 incomplete data due to EC tower instrument malfunction (n=87) 

* Fen and upland 2016 incomplete data due Horse River fire evacuations (n = 54 (fen), 79 (upland)
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2.5 Discussion 

2.5.1 Ecosystem Performance of NFW 

The overarching goal of reclamation in the region is to create functional, self-sustaining, resilient 

ecosystems. As there is no singular metric or definition for ecosystem function, benchmarks 

encompassing ecologic, hydrologic and industry perspectives of ecosystem performance have 

been defined for NFW (Daly et al., 2012). Here, successful reclamation requires an ecosystem to 

be: 1) capable of supporting a representative assemblage of species; 2) carbon accumulating; and 

3) able to withstand periodic environmental stress. 

2.5.1.1 Capacity for supporting representative species assemblage  

Plants play a fundamental role in nutrient, carbon and water cycling as the central conduit between 

surface-atmosphere exchanges driven by climatic and hydrological conditions (Brümmer et al., 

2012; Limpens et al., 2008; Bubier et al., 2003). Particularly in peatlands, plant community 

composition and species-specific phenologies control carbon uptake through plant productivity 

(Peichl et al., 2018) and quality of litter deposited, ultimately affecting rates of peat formation 

(Trites and Bayley 2009). Specific to reclaimed AOSR landscapes, planting prescriptions must 

ensure efficient water use and ability to function under the expected range of environmental (i.e., 

saline) conditions during ecosystem evolution.  

In the fen, both vascular and bryophyte species were introduced through a number of 

planting treatments (see Borkenhagen and Cooper, 2019). By year 3 (2015) fen vascular vegetation 

was widespread and robust, consisting predominantly of Carex aquatilis and to lesser extents 

Juncus balticus, Typha latifolia, Calamagrostis inexpansa and Triglochin martima. A similar rapid 

expansion of sedge species has also been observed at a nearby reclaimed fen (Sandhill Fen (SFW); 
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Clark et al., 2018, Vitt et al., 2016) and several post-disturbance fen landscapes in Alberta, 

including restored seismic lines (Davidson et al., 2021) and well pads (Lemmer et al., 2020). 

Bryophyte establishment following moss-transfer did occur at NFW, but at a much lesser rate than 

expected, likely due to the rapid expansion of sedge species. Due to its tolerance of saline 

conditions, Ptychostomum pseudotriquetrum has become the dominant bryophyte species 

occurring throughout NFW fen, although other bryophyte species (Calliergon giganteum, 

Campylium stellatum, Drepanocladus aduncus, Drepanocladus polygamus, Leptobryum 

pyriforme) are also present (Borkenhagen and Cooper, 2019). Similar to nearby natural saline fens 

(Volik et al., 2018) and Sandhill Fen Watershed (Hartsock et al., 2021; Vitt et al., 2016), the spatial 

extent of plant assemblages at NFW-fen was driven largely by water table position and salinity. 

As observed in other restored and reclaimed peatland landscapes (Poulin et al., 2013; Vitt et al., 

2016), Typha latifolia colonized most of the ponded, standing water regions of the fen. Widespread 

establishment of invasive T. latifolia may be problematic for reclamation performance, as it decays 

quickly and is not a peat-forming species, which may affect long term peatland function 

(Borkenhagen and Cooper, 2019; Trites and Baylay, 2009; Shih and Finklestein, 2008).  

Between 2014 and 2019, fen plant assemblages evolved, coinciding with changes in soil 

and water salinity. Fresh-water sedge and grass species in the fen such as Carex aurea, Carex 

disperma and Hierochloe hitra peaked in 2015, but were then rare or absent following increased 

levels of mobile sodium (Borkenhagen and Cooper, 2019). Species with a larger range of salt 

tolerance, such as Juncus balticus, Calamagrostis inexpansa and Triglochin martima, persisted 

and even expanded in some plots with increased salinity. In 2018, the fen experienced the highest 

in-flux of sodium during the study period (Table 2; Kessel et al., 2018; Sutton, 2021), resulting in 

visible salt-stress in Carex aquatilis and Typha latifolia (observed yellowing in foliage) and early 
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senescence of some plots. In recent years, clusters of Betula pumila and Salix pedicellaris have 

developed in persistently drier regions of the fen. Overall, the fen plant community at NFW was 

representative of natural (saline) fens in the region (Volik et al., 2018; Purdy et al., 2005; Chee 

and Vitt, 1989) however, plant succession and trajectory towards herbaceous or more marsh-like 

vegetation may occur and could have implications on long term carbon dynamics for this site in 

the future.  

Evolution of upland vegetation occurred at a much slower rate than the fen. Use of salvaged 

forest floor materials as a capping layer is common practice in forest reclamation efforts in the 

region (Rowland et al., 2009, Prentice 2020; Irving 2020) as it supports soil water retention 

necessary for plant growth (Sutton and Price, 2020a) and provides propagules of species common 

to natural boreal forests (Pinno and Hawkes, 2015; Mackenzie and Naeth, 2010).  Early 

successional upland species at NFW were markedly different than that of other naturally 

regenerating forests (e.g., post-fire, post-harvest) due to dry conditions and hydrochemistry. 

However, similar to other reclaimed uplands (Strilesky et al., 2017; Mackenzie and Naeth, 2010; 

Rowland et al., 2009), the initial 5 years following construction, NFW upland consisted of a patchy 

understory comprising invasive forbs and grasses (Sonchus arvensis and Agropyron tracycaulum) 

and dry, bare ground. Although counter intuitive, these non-native, early successional species were 

critical to the emergence and development of planted tree species.  They facilitated improved soil 

structure through rhizosphere development as well as litter layer establishment, which resulted in 

the addition of labile organic matter and nutrients (Padilla et al., 2006; Gómez-Aparicio et al., 

2004; Maestre et al., 2001). Trees became prominent by year 5 (2017) and consisted of both 

broadleaf (Populus tremuloides, Populus balsamifera) and coniferous (Picea mariana, Pinus 

banksiana) species native to the region. As of 2019, the understory consisted of shrubs, 
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graminoids, and forbs, and trees were becoming the dominant vegetation type. Notably, Populus 

tremuloides was never planted in the upland, however wind-blown seeds were likely dispersed 

from the nearby previously reclaimed slopes. Growth and timing of development of NFW upland 

tree species was similar to that of other reclaimed uplands in the region (Strilesky et al., 2017).  

Remote sensing has been increasingly applied to peatland and post-disturbance studies as 

a means to identify plant community development and succession following disturbance (Chasmer 

et al., 2020; Lees et al., 2018). In this study, the derivation of remotely sensed EVI provided a 

more complete temporal and spatial record of plant emergence and development than fields 

methods alone. Once plant communities were established, EVI values measured at NFW were 

comparable to that of surrounding natural sites (Figure 2-5) and on par with other post-disturbance 

landscapes (e.g., restored peatland; Nugent et al., 2018), or those composed of similar plant 

communities (e.g., sedge fens: Schubert et al., 2010; Helbig et al., 2019; mixed wood boreal forest: 

Jahan and Gan 2011) ranging between 0.3 and 0.6 during peak season.  

Although the timing of vegetative development varied between the two landscapes, 

planting campaigns paired with adequate edaphic conditions resulted in establishment of a diverse 

plant community comprising largely native species.  While saline fens are uncommon, they do 

exist in the WBP and are within the scope of acceptable reclamation targets (Province of Alberta, 

2017). Due to the specific, altered hydrochemical and physical state of the substrate materials used 

in reclamation (e.g., unstratified, compressed or dried peat, presence of naphthenic acids/mobile 

sodium in tailing sand; Nicholls et al., 2015a; Nwaishi et al., 2015b; Kessel et al., 2018; Biagi et 

al., 2021), plant succession and system evolution may take on a transformed, novel trajectory from 

the pre-disturbance landscape (Nwaishi et al., 2015a). Assigning common landscape classification 
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to these novel ecosystems is less relevant in reclamation, and of greater importance is the 

functionality of plant assemblages under present and future environmental conditions. 

2.5.1.2 Carbon accumulation 

One of the key ecosystem functions performed by peatlands is net uptake of atmospheric CO2 via 

photosynthesis, and the long-term storage of carbon as organic matter in peat and litter (Vasander 

and Kettunen, 2006, Blodau, 2002; Gorham, 1991,). As NEE is typically the largest component of 

northern peatland annual carbon budgets (Limpens et al., 2008; Nilsson et al., 2008; Roulet et al., 

2007) it was used here as a metric to quantify NFW’s annual carbon function. Growing season 

results show significant progress towards ecosystem functionality from a CO2 perspective.  The 

fen quickly evolved from a bare-ground, growing season source of CO2 in 2013 to an extensively 

vegetated, sink by 2015 (-243 g C m-2). Moreover, from 2015 onwards, the fen has been 

sequestering CO2 at rates comparable to nearby natural sites (see section 5.3).  While the upland 

was still a growing season source of CO2 in 2019 (46 g C m-2), there has been an increase in plant 

CO2 uptake that is expected to continue as the canopy continues to develop. As a result, the NFW 

upland is on a trajectory towards becoming a net carbon sink in the near future. 

2.5.1.3 Response to periodic environmental stress 

In the seven years following inception, NFW has demonstrated resilience to periodic hydrologic 

stress as observed during wet and dry periods, as well as during changes in water quality (e.g., 

migration and influx of salts). 

2.5.1.3.1  Resilience to hydrologic stress 

The WPB sub-humid climate presents an additional challenge to reclamation in the region with 

moisture deficits and decadal dry cycles (Chasmer et al., 2018; Devito et al., 2017; Bothe and 
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Abraham 1993). Climate change predictions for the region project an increase in both temperature 

and precipitation, which may further exacerbate moisture deficits (Thompson et al., 2018; Ireson 

et al., 2015; Devito et al., 2012). While increased precipitation will provide more water to the 

system, increased temperatures will likely lengthen the growing season and enhance ET. 

Additionally, variability in the intensity, frequency and amount of rainfall may have unknown 

effects on current ecohydrological feedbacks. As such, water availability and use are critical to the 

long-term sustainability and performance of reclaimed systems in the AOSR. In all seven years 

during the study period, fen ET rates exceeded precipitation, yet vegetation was able to grow, 

develop and uptake CO2 at rates comparable to natural sites (see 5.3 below). Notably, fen WUE 

rates remained relatively stable (Figure 2-9) from 2015 onwards even during seasons with 

significantly less rainfall (seasonal rainfall ranging from 168 to 285 mm season-1).  

Stable WUE is indicative of a well-connected groundwater network between the upland 

and fen which resulted in sufficient hydrological self-regulation during times of hydrologic stress. 

Additionally, because fen vegetation developed significant rooting architecture (>1m depth in 

places; Messner 2019) it was able to access water even during prolonged dry periods that resulted 

in water table drawdown (e.g., 2017). As a result, the system had adequate plant-water availability, 

and plant function was not solely dependent on P inputs – ultimately increasing resilience to 

(future) moisture deficits. Moreover, fen WUE rates, once vegetation became established (2015-

2019 average 1.8±1.3 g C kg H2O-1 day-1), were comparable to those observed at nearby natural 

fens (c.f. 1.7 to 3.0 g C kg H2O-1 day-1 in Volik et al., 2021). Currently, the upland is supplying the 

fen with adequate water for ecohydrological functioning, however it is uncertain if this will 

continue as the upland canopy continues to develop, requiring more water, and water deficits 

continue to worsen.  As trees continue to mature, ET rates are expected to increase (Strilesky et 
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al., 2017) and will likely lead to ET > P more frequently (to date, ET > P occurred only during dry 

years (2015,2017)). Moreover, as the canopy develops, more water is expected to be lost through 

evaporation of intercepted water, resulting in less direct inputs into the soil (Fettah, 2020). 

However, studies of boreal aspen stands during drought conditions describe an efficient 

redistribution of water via aspen rooting systems (Petrone et al., 2015; Brown et al., 2014), which 

may ensure enough water for plant function during periods of water stress in the upland. 

Furthermore, Sutton and Price (2020a) modelled the hydrologic effects of upland plant growth in 

NFW and concluded the system will likely be capable of providing sufficient groundwater to the 

fen and support the development and function of an upland forest. However, the system will likely 

be operating just within the margins of adequate water availability. Overall, the current 

ecohydrological functioning of NFW is capable of adapting and coping with the climatic regime 

of the AOSR.  

2.5.1.3.2  Resilience to salt stress 

Mitigating the effects of salinization from waste materials used in reclamation in the AOSR is an 

ongoing challenge (Biagi et al., 2019; Kessel et al., 2018; Simhayov et al., 2017). To date, fen and 

upland vegetation have been able to develop and persist under current concentrations of Na+ and 

electrical conductivity values (Table 2). However, in 2018, Carex aquatilis and Typha latifolia 

exhibited signs of salt stress (yellow foliage, early senescence). While NEE in 2018 remained 

within the range of previous years and that of natural sites, there was an observable decrease 

(Figure 2-6, 2-7; Table 2-4A and B). Additionally, there was a decrease in biomass (Messner, 

2019), LAI and EVI values (Table 3). Current hydrochemical conditions of NFW are still well 

within the range of levels observed at natural saline sites (Volik et al., 2021; Volik et al., 2019; 

Hartsock et al., 2021; ESRD 2015). Planting and establishment of species ranging in salt tolerance 
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likely helped the fen continue functioning (i.e., carbon uptake) at a comparable rate to other years. 

However prolonged exposure to saline conditions will likely result in a shift in the plant 

community and a decrease in carbon uptake capacity (Volik et al., 2018). Moreover, a number of 

ecohydrological and biogeochemical processes (decay rates, nutrient acquisition, plant water 

uptake etc.) may be affected by prolonged soil and water salinity, which may ultimately affect the 

long-term functionality of these landscapes (Nwaishi et al., 2015a).  

2.5.2 Drivers of ecosystem functionality and interannual variability 

Results indicate that ecosystem function, during the initial stages of development of a constructed, 

reclaimed landscape, is directly linked to the establishment and growth of vegetation. However, 

system design and construction are critical first steps as appropriate abiotic conditions, such as 

substrate quality and water availability, are required to initiate vegetation growth and persistence. 

Studies of boreal watersheds (natural, restored and constructed) indicate that water table dynamics, 

nutrient availability and hydrochemistry play a critical role in determining plant community 

composition (Volik et al., 2020a; Borkenhagen and Cooper, 2019; Spannato et al., 2018; Vitt et 

al., 2016; Dieleman et al., 2015; Koropchak et al., 2012, Trites and Bayley, 2009; Eppinga et al., 

2009a; Strack et al., 2006; Lavoie et al., 2005). The relatively quick initiation of a widespread and 

robust sedge community in the fen was likely facilitated by planting and initial growth occurring 

in relatively wet years (2013, 2014, Figure 2-3A), as well as the relatively quick initiation of stable, 

near surface water table conditions following construction (Figure 2-4C). In reclaimed AOSR 

uplands, growth and persistence of plants is driven by available soil moisture, which is facilitated 

largely by cover soil composition and thickness (Sutton and Price, 2020a; Gingras-Hill et al., 

2018). Spatial variability in the timing of plant emergence in the NFW upland (Figure 2-5A) was 

linked to the heterogeneity of soil conditions (i.e., moisture and nutrient availability).  Soil 
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moisture and capping layer thickness maps created by Sutton and Price (2020a) of NFW 

correspond strongly to EVI imagery presented in this study (Figure 2-5A), particularly during early 

development (2014-2016), where areas of thicker capping materials (>30 cm) and in turn higher 

VWC promoted earlier plant establishment and more consistent robust growth. 

2.5.2.1 Interannual variability of carbon fluxes 

Results from peatland restoration (Strack et al., 2014; Strack and Zuback, 2013; Samaritani 

et al., 2011; Waddington et al., 2010; Petrone et al.,2001) and post-disturbance afforestation efforts 

(Strilesky et al., 2017; Dhar et al., 2018; Petrone et al., 2015; Mhkabela et al., 2009) indicate 

revegetation activities greatly reduce carbon losses and can return degraded ecosystems to carbon 

sinks over time. In both NFW landscapes, carbon uptake improved substantially with development 

of vegetation (Figure 2-7, Table 2-4). In established plant communities, seasonal variability in 

carbon fluxes is largely controlled by plant physiology, growing season length, PAR and 

meteorological conditions (Baldocchi et al., 2018; Charman et al., 2013; Brümmer et al., 2012; 

Barr et al., 2007; Falge et al., 2002; Law et al., 2002; Bubier et al., 1998). Examination of 

interannual variability in carbon fluxes in years following plant establishment (fen, 2015-2019, 

Figure 2-6 and 2-7) suggests a response to environmental changes.  Notably, in 2017, the fen 

received only 61 mm of rainfall between July – September (compared to 154 mm in 2018, and 208 

mm in 2019) resulting in a decrease in water table position and VWC (Figure 2-3). As such, there 

was a decrease in daily GEP rates (and NEE; Figure 2-6A; 2-7A) in 2017 during this dry period 

compared to wetter years (e.g., 2018 and 2019). However, it’s important to note that carbon uptake 

continued during this time, albeit at a lesser rate, likely due to stomatal closure to limit water loss. 

Daily GEP rates during the 2017 dry period (3.6±1.4 g C m-2 day-1) were comparable to those of 

nearby (within 40km) natural sites in the region experiencing similar meteorological conditions at 
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the time (daily GEP between 1.5 – 4.1 g C m-2 day-1; Volik et al., 2021). Moreover, a similar GEP 

decrease under warming or drying conditions has been reported in rich fens (Adkinson et al., 2011) 

and sedge-dominated microforms in a poor fen (Strack et al., 2006). However, other studies in 

open-treed fens have shown contradictory results, where GEP increased under warming or drying 

conditions (Flanagan et al., 2010; Cai et al., 2010). Moreover, bryophyte dominated microforms 

showed less response to changing conditions (Strack et al., 2006) Thus, the response of GEP in 

peatlands to changing environmental conditions is complex, non-linear, and likely controlled by 

site-specific variables (i.e., plant community and edaphic conditions) and the overall amplitude of 

change (Smeraro et al., 2019). Moreover, the timing and frequency of rain events produced 

interseasonal variability in carbon fluxes. In 2018 rainfall events were intense, but less frequent 

(including 28 days with no rain between DoY 206 – 234; Figure 2-2, Table 2-2), which contrasted 

with 2019, where there was weekly, and, for some parts of the season, daily, smaller rainfall events. 

As a result, there was variability between the two years in the number of overcast days, which 

limited PAR and ultimately, plant productivity.  As such, 2018 exhibited higher daily GEP rates 

than 2019 (Figure 2-6) even though both years received a similar amount of total precipitation.  In 

particular, there was a clear decrease in CO2 uptake in the afternoon hours of 2019 (Figure 2-7) 

due to lower PAR and overcast conditions (compared to the same time of year in 2017 and 2018). 

Similarly, Nijp et al. (2015) examined the effects of daytime rain events on NEE during an 11-

year study in northern Sweden and found that reduced light availability, due to cloud cover during 

rain events, reduced net ecosystem CO2 uptake on average by 0.23–0.54 g C m-2 day -1 or ~4.4% 

decrease in GEP throughout a growing season.  

Growing season length coupled with the timing of plant emergence also affects seasonal 

carbon fluxes (Charman et al., 2013). There was a distinct temporal trend in the timing of plant 
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emergence throughout fen evolution. In earlier years (2015), plant emergence, green-up and 

subsequent carbon uptake occurred quickly (by DoY 136; Figure 2-7) due to low plant 

competition, adequate edaphic conditions and little to no litter layer. From 2017 onwards a delay 

in plant emergence was observed with daily carbon uptake beginning later each year (DoY 146, 

150, 160 for 2017, 2018, 2019). This delay is likely attributed to persistence of winter conditions 

and ice lenses (Pulliainen et al., 2017; Charman et al., 2013; Aurela et al., 2004) and accumulation 

of a relatively thick litter layer (mean litter layer thickness 12±6.2 cm (2017) and 17.8±9.5 (2019; 

Table 3) resulting in new growth requiring more energy (and time) to emerge. Moreover, there 

was variability in the timing of plant emergence (and thus plant productivity and CO2 

sequestration) between the fen and upland (Figure 2-7AB - timing of NEE signal 2017-2019) due 

to differences in plant community composition.  

2.5.2.2 Interannual variability in ET  

NFW ET was strongly coupled to water availability and development of vegetation, as was 

previously noted at NFW (Scarlett et al., 2017), and related boreal studies (Brown et al., 2010; 

Petrone et al., 2001; Price et al., 1998; Lafleur 1990). Early in its development (2013, 2014), the 

fen surface was bare and dominated by dark, wet peat and large ponded areas (Figure 2-1). As a 

result, ET was high (326 and 424 mm growing season-1), and close to PET. Here, ET rates were 

largely driven by high surface evaporation (similar to those measured off a boreal pond; Petrone 

et al., 2007). As vegetation developed and became widespread, ponded and bare regions were 

reduced and ET rates were subsequently driven by plant transpiration. 2015 onwards, fen ET began 

to decrease and stabilize as vegetation became established and fully developed (Figure 2-8). 

Furthermore, similar to the straw mulch technique used in peatland restoration (Petrone et al., 

2004; Rochefort 2000; Price et al., 1998), development of a thick fen litter layer was likely limiting 
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large fluctuations in surface soil temperatures and impeding surface evaporative losses (2017 

onwards). The slight increase in fen ET in 2018 was attributed to the large, intense rain fall event 

(86 mm over 4 days; Figure 2-3A), which resulted in extensive flooding and an increase in surface 

evaporation. While 2018 and 2019 were both wetter years (total growing season rainfalls of 278 

and 285 mm), the frequency and intensity of events differed: 2018 had less frequent, more intense 

events, whereas 2019 consisted of frequent, small rain events. Differences in ET trends between 

these two years were a clear example of how changes in intensity, timing and frequency of rainfall 

can impact ecohydrological dynamics.  Upland ET rates increased from 2017 onwards as trees 

matured (five years post construction and planting (Figure 2-8). Strilesky et al. (2017) reported an 

increase in ET by 62% as tree cover became established within the first ten years of a nearby 

reclaimed forest.  Amiro et al. (2006a, 2006b) describe a similar increase in ET coinciding with 

growth of regenerating boreal forests post wildfire.  

Drivers of ecosystem functionality varied during development. Initially, abiotic factors 

such as soil and water chemistry, availability of water and nutrients, and adequate substrate quality, 

paired with climatic conditions, dictated the timing, growth, success and type of plant community 

development. Once a plant community became established, plant physiology and phenology drove 

early carbon and water fluxes. Notably, successful development of these early plant communities 

is likely to dictate future trajectories and overall success of the system as these early plant 

communities initiate and control key ecohydrological and biogeochemical feedbacks (i.e., nutrient 

input, litter quality, decay rate, carbon uptake) necessary for ecosystem function. Once vegetation 

was well established, interannual fluctuations in carbon and water fluxes were once again driven 

by environmental factors. Similar to natural ecosystems, NFW was able to continue functioning 

through interannual fluctuations in environmental conditions (see 5.1.3. Response to periodic 
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stress). However, prolonged environmental stressors may lead to a plant successional shift 

(Scheffer, 2010; Eppinga et al., 2009) in the future at which point carbon and water fluxes would 

again be largely impacted by changes in plant form and function.  

 

2.5.3 Comparison of NFW net ecosystem exchange rates to natural and post-

disturbance landscapes 

To contextualize the results and performance of NFW, NEE results were compared to natural and 

post-disturbance AOSR peatlands and forests. Figure 2-10 summarises total growing season NEE 

versus age following disturbance, while providing a mean range of values recorded at natural sites 

(blue band). Following plant emergence (2014), the NFW fen has remained a CO2 sink throughout 

the study period with growing season NEE ranging between -69 to -215 g C m-2 (Table 4). 

Currently, only two upland-wetland pilot ecosystems (this study (Nikanotee Fen Watershed 

(NFW)) and Sandhill Fen Watershed (SFW)) have been constructed to test the design and 

feasibility of reclamation projects in the region. The two systems were guided by different 

conceptual approaches and test differing designs (Ketcheson et al., 2016). Briefly, NFW utilized 

numerical modelling for landscape optimization, while SFW was designed to mimic the water 

conserving function of natural fen systems based on their low-lying landscape position. Both 

systems were constructed using similar materials (i.e., by-products of the bitumen extraction 

process) albeit at variable thicknesses (e.g.  peat thickness of 2 m at NFW vs 0.5 m at SFW) and 

included planting campaigns. A notable difference between the two systems is water transport and 

storage. In an attempt to combat the frequent periods of water stress common to the region and 

ensure ample inundated conditions for fen evolution, SFW was built with pumps to allow for the 

active management of water inputs and withdrawals, as such the system has no natural outflow for 
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surface and near surface water (Ketcheson et al., 2016; Biagi et al., 2021). Contrastingly, there is 

no manual water table manipulation at NFW, fen groundwater inputs are solely supplied from the 

upgradient upland, and water is discharged gravitational through a natural-flowing outlet. 

Remarkably, these two reclaimed peatlands follow a similar (carbon) trajectory despite differences 

in conceptual designs and water management techniques (Clark et al.,2018; Ketcheson et al., 

2016), likely due to the rapid initiation of plant growth immediately following construction.  At 

both sites, the peatlands become growing season CO2 sinks within 3 years following construction 

at uptake rates comparable to nearby natural sites (Figure 2-10A).  Clark et al. (2018) report a 

growing season net CO2 uptake of -194 g C m-2 and -112 g C m-2 in the lowland and midland of 

SFW by year 3 (Figure 2-10A). Natural fens across the boreal exhibit a wide range of NEE values 

(both between sites and interannually within a single site) attributed to differences in plant 

community composition, edaphic conditions, and responses to hydrological dynamics and 

meteorological influences (Volik et al., 2021; Loisel and Yu, 2013; Charman et al., 2013; Gažović 

et al., 2013; Adkinson et al., 2011; Lund et a., 2010; Strack et al., 2006). A variety of natural 

nearby (within 40km of NFW) fens have been concurrently monitored during the study period, 

including a moderately-treed poor fen (Pauciflora Fen), heavily treed moderate-rich fen (Poplar 

Fen) and a saline fen system (Saline Fen). Growing season NEE values for these nearby natural 

sites (Pauciflora, Poplar and Saline), ranged between -92 to -196 g C m-2 (Pauciflora), -25 to -207 

g C m-2 (Poplar) and 89 to  
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Figure 2-10: Relationship between total growing season net ecosystem exchange of CO2 and site 
age at NFW-fen compared with natural and post disturbance Canadian peatlands with eddy 
covariance data sets. Blue band represents the range of NEE observed at natural sites, where the 
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small dashed line depicts mean growing season NEE of all natural sites. In the legend n is the 
number of study years. * represents annual NEE. 10B: Relationship between total growing season 
net ecosystem exchange of CO2 and site age at NFW-upland compared with mature and post 
disturbance (fire and harvest) boreal forests with eddy covariance data sets. Blue band represents 
the range of NEE observed at natural sites, small dashed line depicts mean growing season NEE 
of natural sites. In the legend n is the number of study years. 

 

-54 g C m-2 (Saline; Volik et al., 2021). Here, variability between sites is attributed largely to 

differences in plant community (treed with moss vs sedge) and hydrochemistry, with the saline 

site exhibiting lower rates of GEP due to salinity inhibiting plant productivity (Volik et al., 2021). 

Similarly, Morison et al. (2020) report NEE values of -25 and -130 g C m-2 in a two-year study of 

an undisturbed, poor fen in north-central Alberta within this time frame (2013-2014). Adkinson et 

al. (2011) also report interannual variability in NEE in a sedge dominated, extreme rich fen in 

northern Alberta (-35, -154, -42 g C m-2), while NEE from a nearby moss-dominated poor fen was 

similar across the study period (−110.1 ± 0.5 g C m-2), further depicting the range of plant 

communities found in the region and their varying responses to fluctuating environmental 

conditions. Typically, vascular vegetation is more sensitive to environmental changes (such as WT 

drawdown) than mosses, due to the high water-holding capacity of moss (Kokkonen et al., 2019; 

Laine et al., 2020).  Cai et al. (2010) measured (June – September) NEE in an Alberta treed fen 

over two years and reported higher values of -282 and -207 g C m-2, likely attributed to the 

prominent robust, mature woody vegetation. NFW-fen growing season NEE falls well within the 

range of values reported at natural, undisturbed sites (Figure 2-10A).  

While peatland reclamation is a novel concept, peatland restoration is not and numerous, 

ongoing peatland restoration endeavours provide suitable analogies of ecosystem recovery. 

Results from both NFW and SFW depict the importance of plant community development and 

emergence on ecosystem function and evolution.  
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Initially following construction prior to plant emergence, both NFW and SFW functioned as 

carbon sources (70 (NFW), 112 (SFW-lowland), 96 (SFW-midland) g C m-2)). Waddington et al. 

(2010), measured NEE in a cutover bog in Quebec (Bois de Bel) pre- and post-restoration and 

reported a seasonal net CO2 loss of 245 g C m-2 prior to restoration. Petrone et al. (2003) reported 

on the first two years post-restoration of the aforementioned site, at which point CO2 emissions 

remained high (478 and 468 g C m-2) due to the lack of a complete cover of carbon fixing 

vegetation and high respiration rates from decomposing mulch. Similarly, high CO2 losses were 

observed during the initial year of study at adjacent restored and unrestored peatlands (445, 504 g 

C m-2; Nugent et al., 2019) in northern Alberta. Furthermore, Rankin et al. 2018 reports that an 

unrestored peatland continues to function as a net CO2 source (173 and 259 g C m-2) 15- and 16-

years post-disturbance. Moreover, timing of the return to carbon sink capacity varies amongst post-

disturbance sites and has been observed by year 3 in a restored cut-away peatland (Tuittila et al., 

1999) and year 14 at Bois de Bel (Nugent et al., 2018). Strack and Zuback (2013) measured CO2 

fluxes at Bois de Bel ten years following restoration, however, the system was still functioning as 

a carbon source due to WT drawdown and drier conditions resulting in increased rates of 

respiration. Differences in the rate and timing of carbon uptake in post-disturbance landscapes is 

largely driven by vegetation dynamics (i.e., vegetation emergence and establishment, plant 

community composition) and environmental conditions (particularly edaphic conditions, where 

dry conditions exacerbate respiration).  Rapid emergence of wide-spread vascular vegetation, 

stable edaphic conditions and development of a thick litter layer resulted in GEP rates continually 

exceeding respiration at NFW-fen, resulting in a return to carbon sink capacity comparable to 

natural and restored sites. Natural (Saline fen, Volik et al., 2021) and restored (Strack and Zuback, 

2013) peatlands exhibit periods of seasonal, or short-term carbon losses typically prompted by 
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changes in water availability or hydrochemistry, which can each inhibit plant productivity. As of 

2019, NFW-fen has shown resilience to environmental stressors and is expected to continue 

functioning (in terms of carbon uptake) like natural sites, barring any major successional shifts in 

vegetation.  

Although there have been numerous studies assessing upland reclamation treatment 

materials (Mackenzie and Naeth, 2010; Naeth et al., 2013; Pinno and Hawkes, 2015) and soil 

structure and function (Sutton and Price, 2020b; Gingras-Hill et al., 2018; Dietrich et al., 2017; 

Rowland et al., 2009), there have been limited long-term studies of carbon and water dynamics of 

AOSR reclaimed uplands (Straker et al., 2019; Strilesky et al., 2017). Moreover, mature stand 

dynamics can vary from that of juvenile or regenerating forest systems (Goulden et al., 2011). As 

such, here, post-disturbance (i.e., fire, harvest) regenerating boreal forests are discussed to provide 

context of early results and trajectory of our NFW upland. Upland WBP forests range from 

broadleaf leaf, aspen dominated to coniferous forests comprised of black spruce, jack pine and 

tamaracks, and less frequently, mixed forest comprised of both tree types. Forest type is a key 

driver of carbon dynamics as broadleaf forests typically have higher leaf area, GEP and ultimately 

CO2 uptake than coniferous species (Brümmer et al., 2012). Of the seven mature (<40 years old) 

forests summarised in Figure 2-10B, broad leaf forests had the highest mean growing season 

uptake (-182 ± 104 g C m-2), followed by mixed –tree stands (-73±57 g C m-2) and coniferous 

stands (-7±40 g C m-2; Figure 2-10B). As of 2019 (year 7), NFW upland was still a source of CO2, 

emitting 46 g C m-2. However, it is on a trajectory to becoming a carbon sink in the next 3-5 years, 

which is on par with the assessments of carbon dynamics in regenerating forests. For example, 

Amiro et al. (2010; 2006a) examined a number of mature, post-harvest and post-fire forests across 

boreal regions of North America and reported that most sites became carbon sinks ten years 
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following disturbance. Goulden et al. (2011) examined CO2 exchanges in stands ranging in age 

from 1 to 154 years post disturbance and found a similar temporal trend where  1- to 6-year-old 

sites were losing carbon (emitting between 11 to 192 g C m-2), 15 year old sites were beginning to 

gain carbon (-21 to -32 g C m-2 sequestered) and any sites over 25 were sequestering carbon (-40 

to -110 g C m-2) at rates comparable to mature, natural sites. The lag in carbon sequestration rates 

in juvenile forests is attributed to the small stature and low LAI of saplings as well as respiration 

losses from bare forest floor. Previously reclaimed uplands in the AOSR (South Bison Hill and 

Cell11A on Figure 2-10B) exhibited an increase in CO2 uptake almost immediately following 

planting, due to the emergence and rapid expansion of understory vegetation. Once trees mature, 

these uplands perform on par or better than mature forests (mean total seasonal NEE of -216 g C 

m-2 for a mixed forest and -107 g C m-2 for a jack pine dominated landscape; Straker et al., 2019). 

Similar to AOSR wetlands, forest carbon function is sensitive to environmental changes, 

particularly hydrologic stress. Petrone et al. (2015) examined two regenerating, aspen dominated 

stands and reported a return to carbon sink function by year 3 (from 425 to -17 g C m-2 between 

years 1-3), followed by subsequent CO2 losses in years 4-5 (201 and 180 g C m-2) due to the 

persistence of drought like conditions. A significant increase in tree growth and foliage in the 

NFW-upland from 2017 onwards resulted in a marked increase in GEP and overall CO2 uptake. 

However, due to the sparse understory and rather dry edaphic conditions, respiration rates 

remained high throughout the study period. This was in contrast to juvenile, post-fire sites, where 

respiration rates are typically lower in the initial years following fire as burnt soil and fire residue 

take longer to decompose (Czimczik et al., 2006, Litvak et al., 2003). Nevertheless, as the canopy 

continues to mature, GEP is expected to increase and eventually overtake respiration as the 

dominant carbon flux at our upland site. Currently, the upland is following a similar trajectory to 
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other regenerating forested systems and is expected to regain function as a carbon sink within the 

next 3-5 years.  

2.6 Conclusions 

This study captured what was likely the most dynamic period of NFW evolution, characterized by 

the rapid transition from a barren landscape to a flourishing ecosystem comparable to natural 

analogues in the region. Beginning in the first-year post-construction to the present, the system 

experienced rapid growth and establishment of vegetation (by 2015 in the fen, and 2017 in the 

upland) and changing hydrochemical conditions. Results indicate ecosystem functionality, namely 

carbon and water fluxes were largely controlled by plant growth and establishment. The fen 

quickly evolved from a carbon source in 2013 to a stable carbon sink by 2015 (total seasonal NEE 

of 70 to -243 g C m-2). The slower growth rate of trees, coupled with dry edaphic conditions in the 

upland, resulted in net carbon losses during the study period (NEE of 519 to 46 g C m-2 from 2013-

2019). Similarly, WUE rates in both the fen and upland showed a marked increase once vegetation 

became established. Moreover, plant function and carbon uptake were able to persist throughout 

dry years indicating sufficient hydrological connectivity between the two landscapes and 

ecosystem resilience to intervals of periodic water stress. Interannual variability of fluxes 

suggested that plant communities are exhibiting typical responses to environmental changes, as 

these responses mirror those of natural sites in the surrounding area experiencing similar 

conditions. Barring a successional shift caused by prolonged saline or dry conditions, water and 

carbon fluxes of both landscapes are expected to stabilize, and future fluctuations are predicted to 

be controlled by meteorological influences. Assessment of CO2 and water exchanges provided 

sufficient evidence that the system is currently operating as intended and functioning comparably 

to undisturbed landscapes (fen) or post disturbance landscapes of a similar age and plant 
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community (upland). Persistent saline conditions will likely result in a shift to more salt-tolerant 

species in the future which may decrease rates of plant productivity and carbon sequestration.  

While it is difficult to definitively predict future abiotic conditions and thus ecosystem trajectories, 

the fen will likely evolve towards a plant community and ecosystem functionality similar to that 

of fens in the region.  The upland will likely be capable of supporting a forest of similar density to 

undisturbed sites and continue supplying adequate water to the down-gradient fen.  

A limitation of this research is that NFW is a pilot project and thus the only current example 

of this design. As such it may not reflect the only successional path of future reclamation 

endeavours, particularly if designs are adjusted or baseline environmental conditions change. 

Thus, as future reclamation endeavours are initiated, carbon and water fluxes along with plant 

development should continue to be monitored to improve our knowledge base.  Moreover, as the 

NFW is still in a juvenile phase and hydrochemistry is expected to continue changing, future work 

should include continued monitoring, particularly if there is a shift in plant communities. Lastly, 

as this study only focused on CO2 fluxes future work should include a complete carbon balance 

for the site to accurately assess carbon accumulation and storage.  

This study is currently the longest reported record of carbon and water dynamics of a 

reclaimed upland-fen complex in the AOSR. Assessment of ecohydrological dynamics during 

early-development suggests that the constructed system is evolving towards becoming a self-

sustaining, carbon-accumulating, functional ecosystem. This study demonstrates that (fen) 

reclamation is possible and can be successful in the AOSR. Moreover, this study applied a 

functional-based approach focused on a few, critical ecohydrological variables (CO2 and WUE) 

measured using ecosystem scale techniques (eddy covariance and remote sensing analysis). The 

methods used here provide a feasible approach for capturing temporal ecosystem evolution and 
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functionality following construction and could prove useful especially for large-scale or remote 

reclamation endeavours where field work is not possible. This research provides a unique 

opportunity to assess surface-atmosphere interactions during the early successional stage of 

ecosystem development ultimately, improving our understanding of ecohydrological processes.  

Ecohydrological insights gained from this study on the function and evolution of 

constructed landscapes will aid reclamation practitioners, regulatory decision-makers, and mine 

operators in the future design of reclamation endeavours in the region. Moreover, the rapid return 

of carbon sink capacity illustrated in this study paired with the ability for ecosystem functionality 

to persist in the water-limited setting of the AOSR may prove useful outside of the realm of 

reclamation as peatlands are increasingly becoming recognized as viable, nature-based solutions 

to climate change.   
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Chapter 3: Evolution of ecosystem-scale surface energy fluxes of a 

newly constructed boreal upland-fen watershed 

3.1 Introduction 

Surface energy dynamics are driven by atmospheric forcing and biophysical surface properties 

(Helbig et al., 2020b; Betts and Ball., 1997), which influence the exchange of energy, momentum, 

and water between the surface and atmosphere (Laguë et al., 2019; Bonan 2019). These exchanges 

are pivotal to ecosystem function as they drive ecohydrological and biogeochemical processes and 

feedbacks including the energy available for evapotranspiration (ET) and carbon assimilation. 

Surface biophysical properties, such as plant community composition and structure (Thompson et 

al., 2004; Bonen, 2008) and soil moisture (Wilson et al., 2002), affect both radiative (e.g., albedo) 

and non-radiative (e.g., aerodynamic and surface conductance, surface roughness) drivers of 

surface-atmosphere exchanges (Helbig et al., 2020; Devaraju et al., 2015; Bonen, 2008; Bonen, 

2019; Raupach, 1995; Schulze et al., 1995; Green et al., 2021). As such, landcover change, whether 

through natural or anthropogenic drivers, results in localized, and often rapid, changes to energy 

partitioning (IPCC, 2021; Lagüe et al., 2019; Halim et al., 2019; Winckler et al., 2017; Waddington 

et al., 2015; Jin et al., 2012), which can have broader implication for local and regional surface-

atmosphere feedbacks, such as atmospheric boundary layer (ABL) thickness, cloud formation, and 

surface temperature and precipitation trends (Beamesderfer et al., 2022; Helbig et al., 2020; Rigden 

and Li, 2017). Moreover, biophysical changes to the surface can alter biogeochemical processes 

(particularly carbon dynamics; IPCC 2021) with bare or degraded landscapes attributing to 

significant anthropogenic greenhouse gas emissions (Strack et al., 2022; Arias et al., 2021; Harper 

et al., 2018). 
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Boreal landscapes have been increasingly recognized for their important role in both regional 

and global carbon, water, and climate dynamics (Strack et al., 2022; Helbig et al., 2020ab; Jia et 

al., 2019; Bonan et al., 2008). The Athabasca Oil Sands Region (AOSR) encompasses a 93 258 

km2 section of the Canadian boreal ecozone in northern Alberta and is comprised of a mosaic of 

hydrologically connected upland forests and wetlands (where 25% of the wetland area is classified 

as swamp, and 64% as peatland (24% bogs, 40% fens); Alberta Merged Wetland Inventory; Volik 

et al., 2020; Ficken et al., 2019; Elmes and Price, 2019; Vitt et al., 1996). However, as of 2020, 

approximately 1055 km2 of natural boreal landscapes in the region have been disturbed (Alberta 

Environment and Parks, 2020) due to large-scale resource extraction of bitumen which has been 

ongoing since 1967 (Alberta Environment, 2008). Land disturbance via resource extraction has 

resulted in altered surface conditions due to the removal of vegetation and excavation of tens of 

meters of substrate (Johnson and Miyanishi, 2008) and a substantial loss of ecosystem functions 

and services (Rosa et al, 2017;  Ficken et al., 2019; Rooney et al., 2012).  

Under the Alberta Environmental Protection and Enhancement Act (EPEA) mine operators are 

obligated to return disturbed landscapes to pre-disturbance equivalent land capacity (Province of 

Alberta, 2021). However, unlike restoration efforts where typically only planting and/or rewetting 

are required, due to the intensity of land disturbance during surface mining, reclamation requires 

the complete reconstruction and reengineering of surface and subsurface properties. Moreover, 

reclamation efforts are further complicated as the AOSR experiences decadal-dry cycles and 

evapotranspiration frequently exceeds precipitation in the region (Bothe and Abraham, 1993). As 

water availability is critical for ecosystem function (Rodriguez-Iturbe et al., 2004) understanding 

ecohydrological drivers, controls, and feedbacks of reclaimed boreal landscapes is necessary to 
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ensure adequate ecosystem evolution, longevity, resilience to periodic environmental stressors and 

capability to function under future climate scenarios.  

As reclamation in the AOSR is still a relatively novel endeavour there is currently limited 

research on reclaimed landscape function, evolution, and trajectory. Recent AOSR reclamation 

studies have been largely focused on hydrologic function (Clark et al., 2022; Biagi et al., 2021; 

Sutton and Price, 2020ab; Ketcheson et al., 2017) and carbon exchanges (Chapter 2; Davidson et 

al., 2021; Clark et al., 2019).  Only a few studies have examined the energy balance of reclaimed 

forested uplands (Strilesky, 2019; Strilesky et al., 2017; Carey, 2008), but to date no studies have 

examined the surface-atmosphere energy exchanges of reclaimed peatlands during ecosystem 

evolution in the AOSR region.   

In this study, surface energy fluxes of a reclaimed upland-fen complex were examined during 

the initial seven years (2013 – 2019) following construction. Ecosystem-scale energy exchanges 

were measured using the eddy covariance method while land cover change was derived via remote 

sensing. The objective of this study was to quantify energy partitioning during ecosystem evolution 

from bare ground to a robustly vegetated landscape and compare these results to nearby natural 

and post-disturbance boreal landscapes for context.  

3.2 Methods 

3.2.1  Study Site: Nikanotee Fen Watershed 

The Nikanotee Fen Watershed (NFW) is a 32-ha mosaic of reclaimed landscapes constructed in a 

previously mined section within an oil sands lease, approximately 30 km north of Fort McMurray, 

Alberta (56°55′59” N, 111°25′00” W). NFW design is based on numerical modelling (Price et al., 

2010), which identified appropriate substrate materials, ideal thicknesses, and landscape 
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geometries to ensure adequate water movement and storage throughout the system to maintain 

ecosystem function even under prolonged drought conditions. Detailed descriptions of site design, 

construction and characteristics have been previously reported (Popović et al., 2022; Ketcheson et 

al., 2016; Daly et al., 2012). Briefly, in terms of hydrologic function, NFW was designed to be 

self-sufficient, with no manual manipulation of the water table through dams or pumps. 

Hydrological inputs to the system are precipitation and surface runoff from the surrounding, 

previously reclaimed hillslopes (Figure 3-1A), and groundwater inflow to the fen from a 

constructed upland aquifer (Sutton and Price, 2020a; Ketcheson et al., 2016). Surface water is 

discharged through an outflow located in the northeastern corner of the fen (Figure 3-1A). 

Hydrologic connectivity and function are aided through the subsequent design aspects (Figure 3-

1B). A 0.05 m-thick, impermeable, engineered geotextile clay liner underlies the entire upland-fen 

complex, which encourages lateral and down-gradient flow while isolating the system from the 

regional water table.  Moreover, to further improve hydrologic connectivity, a 0.5 m thick, highly 

permeable layer of petroleum coke extends partway into the upland to beneath the fen peat (Figure 

3-1B; Simhayov et al., 2017; Daly et al., 2012).  A full account of NFW hydrological functioning 

is described by Ketcheson et al. (2017). 

This study focuses on the treed upland (7.7 ha) and fen peatland (2.9 ha) components of the 

watershed (Figure 3-1A), whose construction was completed in January 2013. The upland consists 

of a 3 m thick coarse tailings sand aquifer, with a high hydraulic conductivity (Sutton and Price, 

2020a) and 3% basal slope (Figure 3-1B; Ketcheson et al., 2017). A 20-50 cm thick cover soil, 

composed of salvaged forest materials (sandy loam to loam LFH) overlies the tailings sand aquifer. 

Planting prescriptions in the upland followed procedures outlined by the Cumulative 

Environmental Management Association revegetation manual (Alberta Environment, 2008) and 
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consisted of native species common to WBP uplands, including black spruce (Picea mariana), 

jack pine (Pinus bankstana), balsam poplar (Populus balsamifera), labrador tea (Ledum 

groenladicum) and bunch berry (Cornus stolonifera). The fen consists of 2 m of salvaged, donor 

peat overlying the petroleum coke underdrain. While not part of the original design, the fen has 

had permanent standing water (“ponds”) since 2013. The fen was revegetated using an 

experimental factorial design described in detail by Borkenhagen and Cooper (2019). Planting 

prescriptions incorporated both freshwater and saline sedge and graminoid species (Carex 

aquatilis (water sedge), Juncus balticus (wire rush), Triglochin maritima (seaside arrow grass)), 

as well as moss species harvested from a local rich fen, using the moss transfer method (Rochefort 

et al., 2003). In 2014, invasive Typha latifolia infilled many of the ponded regions, followed by 

removal campaigns from 2014-2016.  Table 3-1 provides a summary of biophysical characteristics 

for each landscape respectively.   

Field measurements were conducted during the snow-free growing season (May – September, 

DoY 135-255, n = 120 days), during the first seven years post-reclamation (2013 – 2019). Table 

3-2 highlights key milestones, such as surface amendments, planting campaigns, and the timing of 

site evolution during the initial stages of reclamation.  
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Figure 3-1: Study site and visual depiction of temporal evolution. A) Map of the Nikanotee Fen 
Watershed (NFW) depicting the regions of interest (Fen and Upland) and the locations of soil 
moisture pits, eddy covariance and meteorological towers and water monitoring wells. B) 
Stratigraphic cross-section along a central transect (A-A’, shown in Figure 3-1A) depicting the 
layering of substrate materials and general groundwater flow direction. The thickness of each layer 
is indicated in parentheses. Note that the thickness of the clay liner in the diagram is not to scale 
(illustrated thicker than the actual 0.05 m thickness). C) Satellite imagery of site evolution from 
year 1 (2013) to year 7 (2019). Imagery was acquired using Google Earth Engine (GEE) via Maxar 
Technologies satellite data. D) Field photos depicting surface conditions initially (2014) and 
following plant development (2018). Upper row: focused on fen (taken from east slope). Bottom 
row: focused on upland (taken from west slope).  
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Table 3-1:Biophysical characteristics of the NFW fen and upland.  
 Fen Upland 

Size 

(ha) 

2.9 7.7 

Substrate 
(m) 

2 m salvaged peat 
0.50 m petroleum coke 

0.50 m tailing sand 

0.2 – 0.5 m salvaged forest floor 
material (LFH) 
0.50 m petroleum coke 

3 m tailing sand 

Dominant  
Species  
(as of 2019) 

Carex aquatilis 

Juncus balticus 

Typha latifolia 

Ptychostomum pseudotriquetrum 

Populus tremuloides 

Populus balsamifera 

Picea mariana, 

Pinus banksiana 

Ecosite classification 

(Beckingham) 

‘j’ ecosite - rich fen dominated by 
sedge species 

‘b/d’ ecosite -  mixed treed forest and 
shrubland 

 
Table 3-2: Timeline of key events and instrumentation during the initial stages of reclamation. 
Here, n represents the number of days measured (EC measurements) out of 120 during the growing 
season.  

2013 2014 2015 2016 2017 2018 2019 

Completed 
construction 

 

Initial 
planting & 
instrument 
installation 

 

Additional 
tillage 
(furrows) of 
upland cover 
soil (autumn) 

 

EC tower 
malfunction 
(fen) 

Additional 
peat added to 
ponded areas 
(fen) 

 

Removal of 
Typha 
latifolia (fen) 

 

Additional 
planting of 
tamarack 
seedlings 
(upland) 

Robust, 
widespread 
vegetation 
(fen) 

 

Removal of 
Typha 
latifolia (fen) 

 

Subsequent 
planting 
campaign 
(upland) 

 

Horse Creek 
Wildfire 
(limited field 
season) 

 

Removal of 
Typha 
latifolia (fen) 

 

Robust, 
widespread 
vegetation 
(upland) 

 

EC tower 
malfunction 
(upland) 

Large rain 
event (July) – 
86 mm over 4 
days 

Additional 
peat added to 
northwest 
corner (fen) 

¬ Closed-path EC system ® ¬¾¾¾¾¾¾¾¾¾¾  Open-path EC system  ¾¾¾¾¾¾¾¾¾¾® 

n = 47 (fen) 

n = 120 
(upland) 

n = 120 (fen, 
upland) 

n = 120 (fen, 
upland) 

n = 54 (fen) 

n = 87 
(upland) 

n = 120 (fen) 

n = 87 
(upland) 

n = 120 (fen, 
upland) 

n = 120 (fen, 
upland) 
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3.2.2  Micrometeorological setup 

Each landscape was configured with a meterological station with an eddy covariance (EC) system.  

Identical instrumentation was set-up in both  landscapes, differing only in sensor height as 

vegetation developed. Initially tower height in both landscapes was 2 m, with upland tower height 

increasing to 3 m (2018-2019) to maintain representative flux footprints.  

Meteorological stations measured  air temperature (Tair, oC) and relative humidity (rH, %) 

using a Rotronic HC2S3 sensor (Campbell Scientific; Utah, USA). Net radiation (Q*, Wm-2), 

shortwave and longwave incoming and outgoing radiation components were measured using a 

CNR4 sensor (Kipp Zonen; Delft, Netherlands). Albedo was computed using CNR4 

measurements. Ground heat flux (QG, Wm-2) was calculated using ground heat flux probes (HFT3; 

Campbell Scientific: Utah, USA), inserted horizontally at depths of 5 cm below the ground surface. 

Precipitation (P, mm) was measured with a tipping bucket  gauge (Texas Instruments TR-525M), 

placed within a clearing near the tower to avoid canopy and tower influences. Vapour pressure 

deficit (VPD, kPa) was calculated using saturated vapor pressure (es) and actual vapor pressure 

(ea), using measurements of Tair and rH, following methods of Howell and Dusek, 1995.  All 

meteorological data were sampled at 1-minute intervals and averaged every 30-min on a CR1000 

datalogger (Campbell Scientific: Logan, Utah, USA).   

3.2.3  Eddy covariance processing and energy balance 

Eddy covariance (EC) systems consisted of a closed path CO2/H2O gas analyzer (LI-7200: LI-

COR: Lincoln, Nebraska, USA) and a 3D sonic anemometer (Windmaster Pro: Gill Instruments: 

Lymington, Hampshire, UK) from 2013-2014, and an open path CO2/H2O gas analyzer (LI-7500: 

LI-COR: Lincoln, Nebraska, USA)  with a 3D sonic anemometer (CSAT3 3D: Campbell 

Scientific: Logan, Utah, USA) from 2015-2019 (Table 2). Raw EC data were collected at 20 Hz 
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and averaged every 30-min. Corrections for coordinate rotation (double rotation; Kaimal and 

Finnigan, 1994), time lag and sensor separation (Leuning and Judd, 1996) and density effects 

(Burba et al., 2012) were applied, following common Fluxnet protocols (Webb et al., 

1980; Leuning and Judd, 1996; Foken and Leclerc, 2004; Aubinet et al., 2012). Resulting half-

hour fluxes were then quality checked and further processed using a custom R-Software script. 

Data collected from open path systems (2015 – 2019) had additional filtering to remove periods 

that experienced precipitation or had the potential for dew formation on the infrared gas analyser 

lenses. For further data processing details see (Popović et al., 2022).  The Kljun et al. (2004) 

footprint analysis was used to constrain the measured fluxes to be within 80% of the desired site 

boundaries. NFW flux footprint is depicted in Popović et al (2022).  

The surface energy balance of NFW was defined as, 

𝑄∗ = 𝑄/ + 𝑄% + 𝑄0                                                         (1) 

where net radiation (Q*) was partitioned between turbulent latent (QE) and sensible (QH) heat 

fluxes, and conductive, ground heat flux (QG). The energy fluxes were forced closed, where the 

additional energy was partitioned based on the Bowen ratio (b) following methods of Wilson et 

al., 2002). Gap-filling of data is described in Volik et al. (2021).  Following filtering 68% of the 

fen and 64% of the upland data remained (total data across all years) and 16% and 25% of the data 

was gap filled.  Energy fluxes were then normalised by Q* to investigate energy partitioning and 

adequately compare between years.  

3.2.4  Ecophysiological Parameters 

Ecophysiological parameters were derived from half-hourly flux data and calculated using the 

bigleaf package (Knauer et al., 2018) in R (R Core Team, 2021). Aerodynamic conductance 
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describes how effective an ecosystem is at transferring mass and energy to the atmosphere (i.e., 

sensible and latent heat exchange; Raupach, 1995) via, 

𝑔1 =
2

(4#'4$)
       (2) 

where ra is the aerodynamic resistance for momentum transfer and rb is the canopy (quasi-laminar) 

boundary layer resistance to heat transfer (Knauer et al., 2018; Peichl et al., 2013; Mölder and 

Kneller, 2002). Surface conductance (gs), which regulates the transport of water vapour from the 

land surface to the atmosphere (Schulze et al., 1995) was calculated by inverting Penman-Monteith  

(Knauer et al., 2018; Monteith 1965) and in this study encapsulated the entire surface - coupling 

soil and plant components, 

𝑔6 =	
7%8#9

:(7∗$7')'	;((8#<=&$	7%(:'	9)	
     (3) 

As in other studies of boreal landscapes (Alekeychik et al., 2018; Peichl et al., 2013), gs was 

calculated using daytime values (8h00 – 18h00), where Q* > 100 Wm-2 and during precipitation-

free periods, with at least 6 hours precipitation free before the measurement. Conductances (ga and 

gs) were then combined to assess the degree of interaction between the surface vegetation and the 

atmosphere into a vegetation-atmosphere decoupling factor (Ω; Jarvis and McNaughton, 1986,  

Ω =	
)
*'2

)
*'2'

+#
+,

       (4) 

Vegetation-atmosphere decoupling (Ω) ranges between 0 and 1. An Ω value near 0 indicates a 

well-coupled ecosystem, where evapotranspiration (ET) is typically constrained by stomatal 

controls on transpiration and affected by VPD. Conversely, in uncoupled systems, Ω is closer to 1 

and available energy controls ET (McNaughton and Jarvis, 1991). Water-limited, or 

aerodynamically rougher ecosystems, such as forest, tend to exhibit a higher degree of coupling, 
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whereas wetter environments are typically more uncoupled (Knauer et al., 2018; Runkle et al., 

2014). 

3.2.5  Edaphic conditions and hydrometric network  

Continuous measurements of volumetric water content (VWC) were collected at soil moisture pits 

along a north-south transect spanning both landscape units (Figure 3-1A). VWC was measured 

between 5 to 100 cm bgs, however only the near surface (5 cm depth) values are reported here. A 

summary of VWC at other depths has been previously reported by Popović et al. (2022) and Sutton 

and Price (2020b). Each soil moisture pit was instrumented with dielectric impedance 

reflectometry soil moisture probes (Stevens Hydra Probe II) and recorded dielectric permittivity 

at one-minute intervals. Measurements were temperature and salinity corrected and converted to 

VWC, based on a calibration (Seyfried et al., 2005) specific to the substrate material. Soil 

temperature was measured at the meteorological stations using thermocouples (Type k 

thermocouple (2013-2018), CS-109 soil temperature probes (2019)) at 5 cm depth.  

Water table depth (WTD) was logged automatically through pressure transducers (HOBO 

MX2001-S, Onset; Massachusetts, USA), using the extensive monitoring network of wells and 

piezometers installed across NFW (Figure 3-1A). Wells were 2.54 cm inner diameter (I.D.) 

polyvinyl chloride (PVC) pipes that were fully slotted and wrapped with well-screening 

(Ketcheson et al., 2017). Well depths were 1.5 m in the fen and 3 m in the upland. No values are 

reported for the upland in 2013 due to installation delays. Here, positive values indicate a water 

table below the soil surface (cm below ground surface (bgs)) and negative values indicate a water 

level above the soil surface. Further details about the hydrometric network are described in 

Ketcheson et al. (2017). 
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3.2.6 Vegetation and surface conditions 

Using Landsat 8 satellite imagery acquired through the USGS (Vermote et al., 2016), which has a 

30-m spatial resolution and 8 to 16 day temporal resolution spanning the entirety of the study 

period, enhanced vegetation index (EVI) was derived using the Google Earth Engine (GEE) 

application (API; Gorelick et al., 2017) and post-processed using a cloud masking script, modified 

by authors from GEE API Guides, to further remove the effects of cloud cover, forest fire haze 

and mine dust. EVI was calculated via,  

𝐸𝑉𝐼 = 𝐺 ×	 !"#$#%&
!"#'(!	×	#%&$	("×	+,-%',	

      (5) 

where infrared (NIR), red (R) and blue (B) are the shortwave spectrum bands and L is the canopy 

background adjustment that addresses nonlinear, differential NIR and RED radiant transfer through 

a canopy. C1, C2 are the coefficients of aerosol resistance term, which uses the blue band to correct 

for aerosol influences in the red band. Coefficients adopted in the EVI algorithm here were: L=1, 

C1 =6, C2 = 7.5, and G (gain factor) = 2.5 (Huete et al., 2002; Huete, et al., 1997; Huete et al., 

1994). As the timing of plant development varied, both spatially and temporally, the mean EVI of 

a 60 x 60 m pixel grid located at the epicenter of flux tower footprints (dashed box, Figure 3-1A) 

was calculated for the study period. This ensured EVI values were representative and related to 

tower flux measurements.  

To capture the spatial heterogeneity of evolving surface conditions, a supervised land use/land 

classification (LULC) was derived using the Landsat 8 imagery (Vermote et al., 2016) for the 

month of July (i.e., during peak vegetation) for each year. Multispectral imagery was processed 

using the semi-automatic classification plugin (SCP; Congedo, 2021) in QGIS (QGIS, 2021). 

Training points were defined based on reference data, including field measurements and 
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photographs, aerial imagery, satellite imagery and EVI spatial analysis results. Four macro-classes, 

including water, bare, vegetated, and mixed, were defined based on spectral signatures and the 

aforementioned field metrics. Bare and mixed macro-classes were further subdivided to capture 

variability between the two landscapes (Table 3), in particular during periods of plant emergence 

when many pixels contained some degree of vegetation, bare ground and/or surface water. 

Accuracy assessment of the supervised classification produced a kappa coefficient of 0.84.  

Throughout the study period, field-based plant community measurements (LAI, non-destructive 

surveys) were collected and described in Popović et al. (2022), Messner (2019) and Borkenhagen 

and Cooper (2019). Table 1 in supplemental materials provides a summary of field-based results 

from the aforementioned NFW studies.  

Table 3-3: Description of land use/land cover (LULC) classes used to define changing surface 
conditions.  

Macro-Class Sub-class Description 

Bare 
Bare peat Wet, dark, bare peat, substrate of fen 

Bare soil Light coloured, sandy loam, cover soil of upland 

Mixed 

Bare + Veg (Fen) Plant emergence, but not full coverage, mix of bare peat and plant 
coverage 

Veg + Water (Fen) Ponded regions infilled with Typha latifolia and/or other veg, mix of 
plant cover and ponded water 

Bare > Veg (Upland) Dominated by bare ground with some early plant emergence (juvenile 
trees and understory) 

Bare < Veg (Upland) Mix of plant coverage and bare ground with greater plant coverage 

Veg Full Veg Total plant coverage, no bare ground or ponded water detected 

Water Surface Water Ponded or flooded regions 
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3.3 Results 

3.3.1  Environmental Conditions (2013-2019) 

3.3.1.1 Microclimatic Variability 

Mean daily air temperature (Tair, °C) ranged between 4 and 29 °C throughout the growing season, 

and seasonal averages for both landscapes ranged between 15°C (2019) to 19°C (2016), 

consistently above the 30-year climate normal (13 °C; Environment Canada, 2020) (Figure 3-2A). 

On average, September was typically the coolest month (average of 11°C) and July the warmest 

(average of 19°C), with the exception of June 2016 (average of 23°C). Temperature trends in the 

early growing season (i.e., May) fluctuated interannually with some years exhibiting cooler 

temperatures (monthly mean of 13 °C in 2014 and 2015) and others warmer (monthly means of 

17 – 18 °C in 2013 and 2018).   Total seasonal precipitation (P) ranged between 168 mm (2017) 

to 310 mm (2016), and all years except 2016 and 2019 (285 mm) had less rainfall than the 30-year 

average (283 mm, Environment Canada, 2020). Most rainfall occurred during the months of June 

and July apart from 2019 where 126 mm (44% of seasonal rainfall) occurred in August. Over the 

seven-year study period, 75% of rain events were < 5 mm day-1 (Figure 3-2B). Incoming shortwave 

radiation (Rg, Wm-2) between the two landscapes was largely similar with only slight variation on 

some days (±20 Wm-2), likely due to instrument position and cloud cover (Figure 3-2C). Highest 

daily rates of Rg were observed between the hours of 11h – 15h (mean of 530 ± 240 Wm-2). Mean 

monthly Rg was typically highest in May, however, insolation remained high until the end of July 

when it began to decline. September had the lowest mean monthly rates (ranging from 111 – 205 

Wm-2) across all years.  Vapour pressure deficit (VPD, kPa) was relatively large, reaching a daily 

maximum of up to 4.9 kPa and reflecting the large atmospheric demand for ET in the region. Daily 



 

 75 

averages ranged between 0.1 - 2.8 kPa (Figure 3-2D). Daily mean relative humidity (rH, %) ranged 

from 28 to 92% (Figure 3-2E) with an interannual average between 60 and 67%.  

3.3.1.2 Edaphic Conditions 

Fen mean daily peat temperatures ranged from 3.6 - 26.9 oC (Figure 3-2F) throughout the study 

period. Interannually, mean peat temperatures decreased over time from 16.6 (2013) to 12.1 oC 

(2019; Figure 3-2F). Upland soil temperature was consistently higher than fen’s (Figure 3-2F) and 

varied less between years, with seasonal averages ranging from 18.3 (2019) to 20.5 (2013)  oC.   

Soil volumetric water content (VWC, at 5cm depth)  was drastically different between the 

two landscapes (Figure 3-2G) with the fen being consistently wetter across all years than the 

upland (cf. 84% vs 20%). 

Fen daily VWC averages during the study period ranged between 70 - 87% (Figure 3-2G). 

Overall fen VWC remained relatively stable, with seasonal means between 82 - 85% and only 

slight fluctuations (1-2%) in response to rain events. However, during dry periods, VWC decreased 

throughout the growing season (2015 and 2017). Notably, mean fen VWC in 2017 decreased from 

86% in May to 72% by the end of August. In the upland daily average VWC ranged between 10 - 

40 % (Figure 3-2G) with seasonal means between 15 (2015) to 26% (2013).  In all years except 

2019, monthly upland VWC decreased throughout the growing season by approximately 5% on 

average, apart from 2017, which had the steepest decline (~10% from May to August). In contrast 

to the fen, upland VWC showed rapid responses to rain events, resulting in values fluctuating up 

to 20% over a few days.  
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Figure 3-2: Split violin plots depicting the magnitude and distribution of meteorological (A-E) 
and surface (F-J) conditions for the fen (left, dark green) and upland (right, light green) during the 
growing season (May – September). White dot represents the median, black bar the interquartile 
range. A) mean daily air temperature (Tair, °C); B) total daily precipitation (P, mm); C) mean daily 
incoming shortwave radiation (Rg, Wm-2); D) mean daily vapour pressure deficit (VPD, kPa); E) 
mean daily relative humidity (rH, %); F) mean daily soil temperature at 5 cm below the ground 
surface (Tsoil, °C); G) mean daily soil volumetric water content (VWC, %); H) mean daily water 
table depth (WT, cm below ground surface); I) mean weekly enhanced vegetative index (EVI); J) 
mean daily mid-day (10:00 – 16:00) albedo. 

 

Water table position between the two landscapes was markedly different, with a near surface 

water table prominent in the fen (interannual mean 8cm bgs) and a much deeper (interannual mean 

209 cm bgs) water table in the upland (Figure 3-2H). Once a stable and high WT position was 

established post-2013, the largest seasonal variability in fen WT position was during the drier 
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summer of 2017. Other notable seasonal variability included an increase in monthly average WTD 

in both 2018 and 2019 from July (from 6 and 7 cm bgs) to September (1 and -6 cm bgs, 

respectively), following large rain events (> 90 mm over four days, 2018) and increased 

precipitation frequency (2019). Upland WT position decreased from 2014 (158 cm bgs) to 2015 

(207 cm bgs), after which it remained relatively stable (2015-2018), with seasonal means ranging 

between 200 to 220 cm bgs (Figure 3-2H). Mean seasonal WT saw a marked decrease in 2019, the 

deepest during the entire study period (257 cm bgs). In both landscapes, smaller scale (<5mm), 

sporadic rain events appear to have a negligible impact on daily WT position, however, larger 

(2018), or recurring rain events (2019) or prolonged dry periods (2017) effected overall WT trends.  

3.3.1.3 Vegetation growth and changes in surface conditions (2013-2019) 

During the seven years following construction, NFW evolved from a barren landscape to a robustly 

vegetated ecosystem (Figure 3-1C-D; Figure 3-3).  EVI values depict plant development and 

expansion, with values >0.2 representing a vegetative signal (Figure 3-2I). In both the fen and 

upland, the 2013 EVI signal was indicative of bare ground (seasonal means of 0.18 (fen) and 0.16 

(upland), Figure 3-2I). Following planting campaigns in 2013, some plant establishment had begun 

in the fen (0.24) as well as upland understory development of grasses (0.21). By 2015, plant 

development between the two landscapes began to diverge, with fen vegetation becoming wide-

spread and robust (EVI: 0.36) and remaining relatively steady with seasonal EVI means ranging 

between 0.32 (2019) to 0.47 (2017). Upland values increased annually, but at a slower rate than 

those in the fen, with 2015 seasonal mean remaining low (0.23). EVI increased after 2016 as trees 

and understory vegetation continued to mature and become more widespread (0.31, 0.35, 0.34, 

0.41from 2016 – 2019; Figure 3-2I). Interannual variability is present within both landscapes 

(Figure 3-2I) and is representative of low EVI values during the shoulder seasons (May and 



 

 78 

September). Furthermore, surface conditions evolved as vegetation developed due to the 

production of a litter layer. In the fen, Carex aquatilis and Typha latifolia both produce large 

amounts of seasonal litter, resulting in the rapid accumulation of litter from 2015 (seasonal mean 

of 2.7 cm) to 2019 (seasonal mean of 17.8 cm; data from Chapter 2). In the upland, the litter layer 

developed at a slower rate due to the lower volume of plant matter deposited seasonally (i.e., 

juvenile aspen trees and conifers), but still increased from <1 cm in 2015 to 3.8 cm in 2019. 

Complementary to plant development was the change in the proportion of surface water and 

bare ground over time. Results from the simplified land cover classification reveal that initially in 

the fen, surface water covered 47% and 41% of the fen surface in 2013 and 2014, respectively 

(Figure 3-3). The remainder of the surface was dominated by wet, dark, bare peat (53% in 2013) 

or a mix of bare peat and juvenile vegetation (18% bare, 41% mixed bare + veg in 2014; Figure 3-

3; Table 3). By 2015, fen vegetation had become widespread (62%) and previously ponded regions 

had become infilled by rapidly expanding, invasive Typha latifolia, creating regions of mixed veg 

+ water (23%; Figure 3-3; Table 3-3), and only 15% bare peat. From 2016 onwards, the fen surface 

was dominated by full plant coverage, ranging from 53 to 68%, which fluctuated depending on 

environmental and meteorological conditions (Figure 3-3).  Similarly, the proportion of bare 

ground in the upland decreased over time from >95% in 2013, to 34% in 2016 (Figure 3-3). From 

2014 to 2016, upland surface conditions consisted of regions with varying degrees of mixed bare 

ground and vegetation cover (Figure 3-3; Table 3-3). By 2017 there were regions of full vegetation 

coverage (22%), followed by an increase in 2018-2019 to almost complete vegetation cover (77 

and 87% respectively; Figure 3-3).  

Above mentioned surface changes, due to plant emergence and growth, were mirrored in 

changes in albedo values over the seven year study period (Figure 3-2J).  During bare ground 
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conditions, the two landscapes had larger differences in albedo (0.09 and 0.25, for the fen and 

upland, respectively). As vegetation became more expansive, mean seasonal albedo values shifted 

in both landscapes (Figure 3-2J) and ranged between 0.12 - 0.14 (fen) and 0.16 - 0.18 (upland) 

from 2017 to 2019. 

 

 

 

Figure 3-3: Spatial and temporal changes to surface conditions from 2013 to 2019. A) Satellite 
imagery of site evolution from year 1 (2013) to year 7 (2019). B) Results of the supervised land 
use/land classification (LULC) analysis where each pixel is 30m x 30 m. C) Distribution of land 
class (%) for each year during the study period for the fen (top) and upland (bottom).  Legend 
corresponds to both B and C.  
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3.3.2 Evolution of Surface Energy Fluxes (2013-2019) 

Available energy (Q*) varied between the two landscapes with the fen consistently exhibiting 

slightly higher Q* than the upland (interannual means of 130 and 100 Wm-2 respectively; Figure 

3-4, Table 3-4). Latent heat (QE) was the dominant energy flux in the fen, consuming at least 50% 

of available energy across all years (Figure 3-4; Table 3-4). QE decreased over time from 113 Wm-

2 in 2013 to 68 Wm-2 in 2019 (Table 4).  During the day, positive QE values occurred between 6h-

22h, with peak values between 12h – 18h (Figure 3-4B). In contrast, sensible heat (QH) steadily 

increased as the fen developed from 28 Wm-2  in 2013 to 54 Wm-2 in 2019 (Table 3-4). During the 

day, positive QH fluxes occurred during a narrower daytime window than QE (from 8h-19h) with 

highest values occurring between 10h-16h (Figure 3-4C). Mean seasonal ground heat flux (QG) in 

the fen was low in 2013 (1 Wm-2), followed by an increase from 2014 onwards (between 8-12 

Wm-2; Table 3-4). Fen’s diurnal QG trends showed a clear difference between night and day in 

early years (2013-2015), while in later years the diurnal QG signal became more muted (Figure 3-

4D). Moreover, there was a shift in the timing of peak daily QG between 2013 and mid-2014, 

aligning with the transition from bare ground to vegetated surface. Seasonally, QE was typically 

highest during peak season (July) in the fen (Figure 3-4B), while QH and QG peaked in May and 

decreased throughout the growing season (Figure 3-4C,D ). Mean seasonal midday (10h to 16h) 

Bowen ratio (b) in the fen ranged between 0.50 (2016) to 1.21 (2017) (Figure 3-6C) and was 

typically higher earlier in the season (May to mid-June), followed by a steady decrease throughout 

the growing season.  

Upland partitioning of available energy was less dynamic than the fen’s, with QE and QH making 

up almost equal parts in all years except 2013 (Figure 3-5). Notably, 2015 was the only year that 

QH made up a larger portion of the available energy (Table 3-4). Interannually, QE increased 
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slightly over time in the upland from 42-52 Wm-2 in early years (2013-2015) to 58-65 Wm-2 in 

later years (2017-2019; Table 4; Figure 3-5B). QH was typically highest in May/June apart from 

2017, where highest values were observed in mid-July and into August (Figure 3-5C).  In early 

years (2013-2015), upland’s daily peak QG ranged between 70 to 100 Wm-2, whereas in later years 

(2017 onwards), it ranged between 50 to 70 Wm-2. Unlike the fen, diurnal peaks occurred during 

the same time frame (10h-16h) across all years and fluxes (Figure 3-5). Moreover, there was 

greater diurnal oscillation in upland QG compared to the fen, with larger daytime gains followed 

by rapid losses at night (Figure 3-5D), which resulted in low mean QG (<5 Wm-2). Upland mean 

seasonal midday b was consistently above 1 and ranged between 1 and 1.6 (Figure 3-6C). 

However, monthly averages show that midday b was typically higher during the shoulder season, 

ranging from 1.4 to 2.8 in May and September, and lower during peak season (0.6 to 1.2 in mid-

June – early August), with later years (2017) exhibiting the lower end of peak season b values.  
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Figure 3-4: Fingerprint plot depicting gap-filled, half-hourly surface energy fluxes from 2013 – 
2019 for the fen. Each square is a half-hourly measurement, and each row represents a full day. 
Plots show seasonal (May-Sept, y-axis) and diurnal (hourly, x axis) trends of A) Net radition (Q*); 
B) Latent heat flux (QE); C) Sensible heat flux (QH); D) Ground heat flux (QG) in Wm-2. 2016 
missing data is due to Horse Creek Wildfire. 2013 Fen: July-Aug  and 2017 Upland: August 
missing data is due to instrumentation malfunction. 

D
ay

Jun

Jul

Aug

Sep
D

ay
D

ay
D

ay

0 6 12 20 0 6 12 20 0 6 12 20 0 6 12 20 0 6 12 20 0 6 12 20 0 6 12 20
Hour Hour Hour Hour Hour Hour Hour

A) Q* 
(Wm-2)

B) QE 
(Wm-2)

C) QH 
(Wm-2)

D) QG 
(Wm-2)

Fen

May

Jun

Jul

Aug

Sep

May

Jun

Jul

Aug

Sep

May

Jun

Jul

Aug

Sep

May

2013 2014 2015 2016 2017 2018 2019

−300 −200 −100 100 200 300 400 500 600 7000
Energy Flux (Wm-2)



 

 83 

 

Figure 3-5: Fingerprint plot depicting gap-filled, half-hourly surface energy fluxes from 2013 – 
2019 for the upland. Each square is a half-hourly measurement, and each row represents a full day. 
Plots show seasonal (May-Sept, y-axis) and diurnal (hourly, x axis) trends of A) Net radition (Q*); 
B) Latent heat flux (QE); C) Sensible heat flux (QH); D) Ground heat flux (QG) in Wm-2. 2016 
missing data is due to Horse Creek Wildfire. 2013 Fen: July-Aug  and 2017 Upland: August 
missing data is due to instrumentation malfunction. 
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Table 3-4: Mean seasonal energy flux for each energy balance component and the ratio of energy 
flux components normalized to net radiation (Q*) for the fen and upland from 2013 – 2019.  

Year Q* QE QH QG QE/Q* QH/Q* QG/Q* 

 Wm-2 Wm-2 Wm-2 Wm-2    

Fen        

2013 125 113 28 1 0.91 0.22 0.01 

2014 143 106 37 12 0.74 0.26 0.09 

2015 146 104 32 9 0.72 0.22 0.06 

2016 149 111 30 10 0.74 0.2 0.07 

2017 146 77 59 10 0.53 0.41 0.07 

2018 130 81 42 8 0.62 0.32 0.06 

2019 130 68 54 9 0.53 0.41 0.07 

        

Upland        

2013 84 52 30 3 0.62 0.4 0.04 

2014 91 50 48 1 0.54 0.51 0.01 

2015 91 42 48 2 0.46 0.53 0.03 

2016 102 54 48 0 0.53 0.47 0.00 

2017 123 65 56 4 0.53 0.45 0.03 

2018 103 60 43 1 0.59 0.42 0.01 

2019 105 58 47 2 0.55 0.44 0.02 

 

3.3.3  Changes in surface ecophysiological parameters  

Conductance terms (ga, gs) exhibited temporal changes over the study period (Figure 3-6A). ga 

mirrored vegetation development, with lowest season average occurring in 2013 (22 mm s-1) and 

then remained relatively steady from 2015 onwards (27 to 33 mm s-1). 2014 had the highest ga and 

corresponds with the rapid invasion and growth of Typha latifolia. ga had a wide range of values 

throughout the growing season (22 to 157 mm s-1) and typically lower values occurred during the 

shoulder season (May, September), with larger values coinciding with peak plant growth. In 

contrast to ga, early years exhibited higher gs values (seasonal mean of 8 to 9 mm s-1) than later 

years (4 to 6 mm s-1). Mean seasonal decoupling factor (W) in the fen ranged from 0.32 to 0.49 



 

 85 

and exhibited a slight decrease over time (Figure 3-6B). 2017 exhibited the lowest means (Figure 

3-6A,B) and range of values for both gs (maximum of 29 mm s-1 in 2017 vs. 40-50 mm s-1 in other 

years) and W (maximum of 0.74, vs other years (0.8-0.9)). Friction velocity (u*) changed over time 

(Figure 3-6D) with lowest seasonal mean u* occurring in 2013 (0.14) followed by an abrupt 

increase in 2014 (0.26) coinciding with the invasion and rapid quick growth of Typha latifolia. 

After 2015 u* remained relatively stable, ranging between 0.19 – 0.23 (Figure 3-6D).  

Similar to the fen, upland ga increased over the study period with early years (2013-2015) 

exhibiting similar seasonal mean of 24-25 mm s-1, followed by an increase to 31-41 mm s-1 from 

2016 onwards, with 2019 having the largest mean ga (Figure 3-6A). Overall upland gs was lower 

than in the fen and seasonal means ranged between 2.5 to 4.5 mm s-1(Figure 3-6A). Mean seasonal 

W values in the upland ranged between 0.23 to 0.30 (Figure 3-6B), and were generally lower than 

in the fen.  Upland u* slowly increased over time with similar values from 2013 – 2016 (seasonal 

means between 0.19-0.22), followed by an increase in 2017 – 2019 (0.23, 0.26, 0.28 respectively; 

Figure 3-5D).   
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Figure 3-6: Growing season averages of A) aerodynamic conductance (ga, circles) and surface 
conductance (gs, crosses); B) decoupling factor (W); C) Bowen ratio (β) and D) frictional velocity 
(u*) from 2013 - 2019. 
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3.4 Discussion 

3.4.1  Changes in surface energy partitioning (2013-2019) 

Surface energy and moisture exchanges are largely controlled by the coupled interactions between 

surface characteristics and atmospheric forcings, such as radiation and VPD (Helbig et al., 2020a; 

Worral et al., 2019; Brümmer et al., 2012, Baldocchi et al., 2000). Distinct temporal changes to 

intra and interannual growing season surface energy partitioning were observed at our study site 

in the first seven years post construction and coincided with the biophysical development of NFW 

from a barren landscape to a robustly vegetated ecosystem. To provide context, results from this 

study were compared to those from natural and post-disturbance (e.g., post-fire, harvest, drainage) 

boreal landscapes (Figure 3-7). Due to the heterogeneity of boreal ecosystems and the 

hydroclimatology of the WBP (sub-humid with decadal dry cycles and periods of water stress; 

Brown et al., 2010; Bothe and Abram 1993) Figure 3-7 is largely focused on studies from a 

Canadian (western) boreal setting with similar ecohydrological conditions. 

3.4.1.1 Fen 

Following construction in 2013, the fen surface consisted of wet, dark, bare peat with large regions 

of ponded water. Low albedo and the large amount of available surface water, paired with the high 

evaporative atmospheric demand common to the region, resulted in QE dominating available 

energy (QE/Q* 0.91),  with a corresponding b <1 (Table 3-4). During this time, energy partitioning 

is interpreted to have been driven largely by available water and radiative forcing (Q*), as gs and 

W were high (relative to other years; Figure 3-6A,B), suggesting decoupling between the surface 

and atmosphere.  High QE/Q* (>0.85) values have been reported at unrestored (Petrone et al, 2004) 

and abandoned (Waddington and Price, 2000) peatlands with similar surface conditions (i.e. wet 
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and barren). Moreover, in a review of peatland ecohydrological feedbacks post-wildfire, Nelson 

et al. (2021) describes a decrease in both albedo and plant-mediated shading as key feedbacks for 

changes to energy partitioning immediately following severe burns. However, under drier 

conditions unrestored peatlands had reduced QE/Q* (0.67-0.69; Petrone et al., 2004; Waddington 

and Price 2000; Price et al., 1998). Moreover, Morison et al. (2020) reported lower values (QE/Q* 

0.47 and 0.45), with more energy being partitioned towards QH than QE (b of 1.19) in the second 

and third-year post-fire, due to dry surface conditions, post-fire soil hydrophobicity and limited 

water availability, further depicting the role of site-specific biophysical conditions on surface-

atmosphere interactions. 
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Figure 3-7: Mean growing season latent heat flux (QE) normalized to net radiation (Q*) based on age since disturbance for peatland (A) 
and forest (B) sites in a Canadian boreal setting.  NFW (this study) is represented by black points. Box and jitter plots represent the 
range of values for natural or mature (> 30 years post-disturbance) sites.  
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The effects of plant emergence on energy exchange are complex as it results in changes to 

surface roughness and albedo (Lee et al., 2021; Worrall et al., 2019; Thompson et al., 2015; 

Admiral and Lefleur, 2008). As fen vegetation became more widespread (2014 - 2016), the 

proportion of bare ground and ponded areas significantly decreased (Figure 3-1C-D, Figure 3-3). 

However, water table and soil moisture remained high (Figure 3-2G,H).  The emergence of 

vegetation resulted in an increase in albedo from 0.09 to 0.14 by 2016, as well as increases in 

surface roughness, ga and u*, which resulted in less absorption of incoming radiation by the peat 

surface and more longwave re-radiation and likely further enhanced Qe through turbulent transport 

(Green et al., 2020). QE continued to make up the largest component of energy partitioning (0.72-

0.74), albeit less than during bare ground conditions. Moreover, shade from rapidly growing, tall 

vascular vegetation (Typha latifolia and Carex aquatilis), paired with the increase in albedo, 

resulted in a decrease in peat temperature over time (Figure 3-2F) and likely less evaporative loss 

directly from the surface compared to bare ground conditions in 2013 (Chapter 5).  During this 

period there was a decrease in negative QG observations, an increase in daily amplitude (Figure 3-

4D, Table 3-4), and a 1-3 hour lag in diurnal trends with respect to Q*, reflective of the change in 

surface conditions, which is attributed to higher heat capacity of wet, peat soils (Alekseychik et 

al., 2018; Wu et al., 2021). Notably, during this period, energy partitioning remained similar 

between years (2014 – 2016), Figure 3-4, Table 3-4) even though the site experienced variable 

meteorological inputs (i.e., dry vs wet years; timing and frequency of P). This is attributed to the 

relatively consistent high water table and VWC, resulting in limited surface stomatal control over 

energy fluxes. As a result, QE was likely largely driven by Q* and VPD, as indicated by high 

decoupling (mean seasonal W > 0.45; Figure 3-6B).  An intermediate to high degree of surface-

atmosphere decoupling (W) has been reported across boreal peatland landscapes (W of 0.34 to 0.74; 
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Alekseychik et al., 2018 Runkle et al., 2014; Brümmer et al., 2012; Kurbatova et al., 2002), with 

variability largely driven by plant community composition, water availability and edaphic 

conditions. 

From  2017 – 2019, there was a shift in energy partitioning, compared to earlier years, where 

QE was still the dominant energy flux, but a larger proportion of available energy was partitioned 

to QH (QH/Q* of 0.32 to 0.41, compared to 0.20 to 0.26 in earlier years; Figure 3-4; Table 3-4). In 

terms of biophysical changes during this period, vegetation was well-established and widespread 

with extensive belowground biomass formation - rooting depth extended >50 cm bgs (Messner, 

2019), and a relatively thick litter layer (mean: 12 to 17 cm from 2017 to 2019, but reaching a 

maximum of 27 cm thick in some areas) was formed. The litter layer altered the feedbacks between 

surface and atmospheric energy and moisture exchanges by providing radiative sheltering and 

shading of the surface, thus further limiting the amount of energy reaching the peat surface, 

resulting in a decrease in soil temperature (Figure 3-2F) and ultimately, a reduction in evaporative 

surface losses (Figure 3-4B). Similar feedbacks associated with plant sheltering and shading have 

been described by Waddington et al. (2015) and Green et al. (2020) and extensively in peatland 

restoration literature, where straw mulch is commonly applied to the peat surface during early 

restoration to limit water losses and large fluctuations in soil temperature, and aid in revegetation 

(Xu et al, 2021; Rowland et al., 2021; Chimner et al., 2017; Petrone et al., 2004; Rochefort 2000; 

Price et al., 1998).  Following litter development at NFW-fen QG daytime signal was dampened 

(Figure 3-4D). Moreover, there was an increase in QH particularly in the early season, compared 

to earlier years. This is attributed to the timing and lag in plant emergence in later years (2017 

onward), as new growth required more energy and time to break through the litter layer to the 

surface, resulting in the delay of plant transpiration. Moreover, the litter surface had a higher 
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albedo than green plant matter resulting in less absorption of incoming energy while also heating 

up faster (less water content). As a result, mean monthly b was >1 during the month of May to 

early June in later years compared to <1 in earlier years. In contrast to earlier years, there was a 

reduction in W and gs, which is indicative of stronger surface-atmosphere coupling. During the 

2017 season, plants had developed deeper roots and were able to access deeper stores of soil 

moisture during dry periods of watertable drawdown.  As a result, QE was largely driven by surface 

controls in later years of this study, unlike radiative energy in previous years. This was further 

evident from the overall decrease in W (seasonal mean of 0.32), denoting a higher degree of 

coupling between the surface and atmosphere. Moreover, there was a decrease in gs (Figure 3-6A), 

likely due to stomatal closure during periods of water stress or high VPD providing further 

evidence of stronger surface – atmosphere coupling. A decrease in gs is well documented in 

literature to represent regulation of plant mediated moisture exchanges (Runkle et al., 2014; Oren 

et al., 1999; Schulze et al., 1994). The decrease in gs observed during the 2017 season, coincided 

with WT drawdown - a coupled relationship which has been described in several peatland studies, 

particularly those with continuous vascular plant coverage (Peichl et al., 2013; Raddatz et al., 

2009; Acreman et al., 2003). For example, Alekseychik et al. (2018) describe a relationship 

between WT drawdown and a subsequent decrease in W, and gs showing stronger coupling 

between the surface and atmosphere as WT position deepens as well as a relative increase in b. 

Other studies at boreal peatlands have shown similar relationships, following a significant decrease 

in water table, resulting in a decrease in QE with an increase in QH (Worrall et al., 2015; Wu et al., 

2010; Wilson et al., 2002).  However the degree that fluctuations in soil moisture and WT position 

affect energy partitioning and moisture fluxes is also dependant on ecophysiological controls such 

as the dominant plant community (ex. vascular vs bryophyte; Admiral and Lafleur, 2007). 
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2018 and 2019 were wetter years with similar total P, but differences in P timing, frequency, 

and intensity. As a result, energy partitioning rates varied between the two years.  2018 was warm 

and wet, and the growing season was punctuated by a large rain event in July (86 mm over four 

days) that resulted in extensive ponding for the remainder of the season. Moreover, 2018 had the 

largest range and highest values of VPD (maximum of 4.9 kPa, Figure 3-2D). Thus, water 

availability was high and able to sufficiently satisfy high atmospheric demands. This likely 

explains the increase in QE and decrease in QH in July-August of 2018 (Figure 3-4B). In contrast, 

2019 was wet and cool with increased cloud cover resulting in an overall decrease in available 

energy (Figure 3-4A, particularly towards the end of the season). Although there was ample 

available water, similar to that of 2018, lower Tair and limited available energy resulted in a 

surplus of water that could not be evaporated or transpired. As such, 2019 observed the lowest Qe 

rates during the study period, even though it was one of the wettest years, further depicting the 

complexity of feedbacks between surface-atmosphere exchanges.  

As a result of wet surface conditions QE is typically the dominant energy flux in boreal peatland 

ecosystems, with b typically <1 (Lafleur, 2008). However due to regional climate variability, as 

well as plant community composition and edaphic conditions, natural and post-disturbance fens 

throughout the boreal experience a large range of values for energy and moisture exchanges both 

between sites and interannually within a single site. (Figure 3-7; Volik et al., 2021a; Helbig et al., 

2020a; Alekseychik et al., 2018; Brümmer et al., 2012; Lafleur, 2008). At nearby fens, within 

60km of NFW, QE/Q* ranged between 0.4-0.6 for an open, sedge-dominated fen to 0.55 – 0.73 for 

treed fens (Volik et al., 2021). Following the emergence of vegetation, NFW-fen values fell within 

the range of QE/Q* and b values described in natural settings (Figure 3-7). NFW-fen surface 
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albedo, values were also within range of natural peatlands (0.9-0.16; Helbig et al., 2020a; Lafleur 

et al., 2008).  

3.4.1.2 Upland  

Initially following construction during the early 2013 growing season, the upland surface consisted 

of dry bare ground and limited available surface water, resulting in a higher albedo, a larger 

proportion of long wave reradiation and lower Q* values compared to the fen (Table 3-4). These 

surface conditions were further reflected in QE and QH signals (Figure 3-4B, QE and QH, May to 

June), with QH exceeding QE. Moreover, as the upland is a more water-limited system compared 

to the fen, P inputs produced short-term (i.e., hourly to daily) edaphic responses in VWC. High 

intensity P events at the beginning of June resulted in large amounts of overland flow and ponding, 

due to limited infiltration capacity of the capping layer (Ketcheson, 2015).  Following this event 

there was a shift in energy partitioning with QE exceeding QH (Figure 3-5). To increase infiltration 

and aquifer recharge, furrows were tilled perpendicular to the slope of the upland in 2013, prior to 

upland planting (Table 3-2).  In 2013, QE comprised a larger proportion of energy fluxes (Table 3-

4), however due to the dry edaphic conditions and limited water-availability, seasonal mid-day b 

remained >1 (Figure 3-6C).  Mean seasonal W was 0.30 (Figure 3-6B) suggesting some degree of 

surface-atmosphere coupling. From 2014 to 2016 early successional understory vegetation 

emerged, consisting of forbs and grasses. However, the timing of emergence and spatial 

distribution of vegetation was uneven and sparse, due to the heterogeneity of edaphic conditions 

such as variability in capping layer thickness and soil moisture (Sutton and Price 2020a,b; Popović 

et al., 2022). A large proportion of the surface continued to be dominated by bare ground (80 to 

34% from 2014 to 2016; Figure 3-3). Moreover, trees planted in 2013 and 2015 were small 

seedlings with low leaf area, and began significant growth and development beginning in 2016 
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(Figure 3-2I; Figure 3-3). Moreover, the development of soil macropores, paired with the effects 

of tillage, resulted in higher infiltration rates and a larger percentage of P inputs partitioned to 

groundwater recharge rather than surface evaporation (Sutton and Price, 2020b). During this time, 

mean seasonal W was low (0.23 to 0.28) and mean b remained >1, indicating coupling between 

the surface and atmosphere. Here, energy partitioning was largely driven by limited water 

availability and surface conditions (i.e. bare ground, sparse veg, higher albedo).  

In the first 1-3 years post-reclamation, surface characteristics of NFW upland differed from that 

of other post-disturbance landscapes. Immediately following harvest or fire disturbance (0-2 

years), albedo is typically reduced due to the removal of vegetation and the presence of charcoal 

residue, scorched soil and/or coarse woody debris (Halim et al., 2019; Chambers and Chapin, 

2002). Moreover, natural landscapes typically have a higher proportion of organic matter, and thus 

darker appearance, and some remnant live or dead vegetation compared to salvaged forest soils 

used in reclamation  (Quideau et al., 2013; Naeth et al., 2013; Rowland et al., 2009)). Amiro et al. 

(2006b) reported a summertime albedo immediately post-fire of ~0.05 in a synthesis of post-fire 

energy dynamics of 22 boreal forest sites. Similar decreases in albedo (to 0.07, 0.08) have been 

reported post-fire in boreal stands (Jin et al. 2012; Chambers et al., 2005). Post-harvest 

summertime albedo reduction, compared to pre-disturbance values, have also been reported, with 

generally a smaller decrease than post-fire (albedo ~ 0.09-0.11; Halim et al., 2019). In contrast to 

these values, NFW upland albedo in years 2 and 3 was higher (0.25 and 0.20) due to the barren 

and dry, light coloured sandy-loam cover soil and sparse patches of understory vegetation, 

dominated by forbs and grasses that began emerging at this time. Similar albedo values have been 

reported for dry, bare agricultural sandy loam soils (0.18 – 0.25; Cellier et al., 1996). Moreover, 

previous studies of grasslands and forest successional species indicate higher reflectance and 
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increased albedo of grasses and deciduous shrub species (~0.2; Randerson et al., 2006; Baldocchi 

et al., 2000; Betts and Ball 1997). These differences in post-disturbance surface conditions (i.e. 

albedo) correspond to variability in Q* between these landscapes, with post-fire sites exhibiting a 

3-20% increase in Q* (Amiro et al., 2006a; Chambers et al., 2005). Similarly, Petrone et al. (2015) 

reported a post-harvest mean Q* ranging between 103 to 140 Wm-2. This contrasts with reclaimed 

AOSR uplands (NFW upland and South Bison Hill), which exhibited lower mean Q* in early years 

(between 70 to 91 Wm-2, Strilesky, 2019; Table 4). However, as vegetation became more wide-

spread and robust, NFW albedo decreased (0.16-0.18; and mean Q* increased (105 to 125 Wm-2)) 

and was similar to that of other vegetated boreal uplands (Helbig et al., 2020a; Jin et al., 2012; 

Amiro 2006b; Baldocchi et al., 2000). 

From 2017 onwards, vegetation became more widespread, and the proportion of bare ground 

decreased (Figure 3-1C-D, Figure 3-3) along with trees developing in terms of height, rooting 

architecture and leaf area, and the formation of a thin litter layer (1 – 3 cm thick; Supplementary 

Table 1). These biophysical changes resulted in a decrease and stabilization of surface albedo as 

well as an increase in both ga and u*. Due to surface changes, particularly the reduction of bare 

ground and increased radiative shading by vegetation, QG losses were also reduced (Figure 3-5D). 

During this time, mean midday b remains > 1, but is closer to one than in previous years (Figure 

3-6C) and energy fluxes were likely controlled by surface (plant/stomatal) controls, as indicated 

by low W (0.25 – 0.31). Energy partitioning varied intraseasonally as well, with monthly b >1 

during the shoulder season (May, September, sometimes August) and <1 during peak season, 

defined by maximum leaf out, further highlighting the control of vegetation on energy partitioning. 

Similar intraseaonsal b trends, highlighting the role of plant phenology on energy fluxes, have 
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been described in a nearby reclaimed upland (Carey, 2006), as well as in natural sites (Amiro et 

al., 2006; Blanken et al., 1997).  

Boreal forest ecosystems exhibit a large range of values in terms of energy and water exchanges, 

due to the heterogeneity of these systems, which is driven by variable climate (Brümmer et al., 

2012; Eugster et al., 2000; Baldocchi et al., 2000), water availability (Petrone et al., 2015), edaphic 

conditions (Brown et al., 2014) and stand architecture. Stand architecture includes variability in 

LAI (i.e. open vs. closed canopy), understory characteristics, successional stage, forest type (i.e., 

mixed, coniferous, deciduous) (Lukeš et al., 2013; Ni-Meister and Gao, 2011; Liu et al., 2008; 

Amiro et al., 2006ab; Thompson et al., 2004). Figure 3-7B captures the heterogeneity of these 

systems, depicted by the wide range of energy partitioning during post-disturbance recovery, with 

QE/Q* ranging between 0.3 to 0.8 during the first 30 years post-disturbance. NFW upland values 

fell within this range (0.46 to 0.62) and exhibited a response in QE/Q* under varying environmental 

conditions as the system evolved. 

Variability in energy fluxes between reclaimed AOSR sites is attributed to different edaphic 

conditions (i.e. soil moisture and salvaged soil quality) and the timing of plant emergence, where 

both Sandhill Fen and South Bison Hill had higher soil moisture content in early years (<30% 

Strilesky et al., 2017; Carey, 2008), higher organic matter (~17% (Biagi et al., 2021) vs 4.5% NFW 

upland (Irving 2020)) and faster, more widespread emergence of understory vegetation than NFW 

(Strilesky, 2019). These differences in surface properties were reflected in energy partitioning, 

particularly with regard to QH in early years, where NFW QH/Q* ranged between  0.40 to 0.53, 

compared to less than 0.40 for both Sandhill Fen and South Bison Hill (Strilesky, 2019).  However, 

similar to other natural and reclaimed recovering uplands (Strilesky et al., 2017; Amiro et al., 

2006b), once vegetation became more robust and trees matured (year 4-7), a slight decrease in b 
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was observed at NFW upland, likely due to an increase in leaf and root area, water uptake and thus 

transpiration. Amiro et al. (2006b) found that b was typically >1 in the first 10 years post-

disturbance, followed by a decrease and steadying once trees matured. Strilesky et al. (2017) 

described water and energy dynamics during the initial twelve years following reclamation at a 

nearby site in the AOSR (South Bison Hill) and similarly observed a decrease in b with plant 

evolution from 1.1 to 0.4. 

Environmental forcings such as climate and water-availability also affect ecosystems recovery, 

function and ultimately surface-atmosphere exchanges. Petrone et al (2015) examined two 

regenerating boreal aspen stands within the first five years post-harvest. They found wet conditions 

propelled rapid understory and stand recovery in the first 2 years, resulting in a higher proportion 

of energy partitioned to QE than QH. However, due to lower water availability following drought, 

QE/Q* decreased and b subsequently increased. Carey (2008) observed a comparable response 

between wet and dry years during the initial three years of reclamation, with the wetter year 

exhibiting the highest QE/Q* (0.65). Moreover, Amiro et al (2006b) describe local moisture 

limitations and climate effects as a key driver of annual QE variability in recovering uplands. A 

similar response to drier conditions was observed at NFW upland in 2015 and 2017, with increased  

b and decreased W. W values at NFW were higher than those reported for mature coniferous and 

deciduous forests, likely due to the juvenile nature of vegetation, particularly in early years, and 

dry edaphic conditions, however, they were comparable to a boreal mixed wood forest (ranging 

between 0.16-0.25; Brümmer et al., 2012). NFW upland ga values were lower than at mature sites, 

due to the smoother surface of the understory, which dominated at the time (2013 – 2016). 

However, as trees matured, ga increased and W decreased slightly. By year seven, ga at NFW (44 

mm s-1) remained slightly lower than at mature sites (46 – 61 mm s-1). In the initial years following 
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reclamation, NFW upland differed compared to natural, post-disturbance sites, due to biophysical 

differences such as albedo, edaphic conditions, and timing of plant emergence. However, once the 

plant community became established, energy partitioning and ecophysiological responses to 

climatic conditions mirrored that of natural, recovering ecosystems in the region. Several post-

disturbance chronosequence studies (Strilesky et al., 2019; Amiro et al., 2006ab; Jin et al., 2012) 

state a period of 8-10 years post-disturbance is required for boreal forested ecosystems to mature 

and recover to pre-disturbance function. As such, based on the evidence presented here, and 

assuming sufficient future water availability, energy fluxes of NFW upland are on a trajectory to 

match nearby natural upland ecosystems.   

By year seven (2019), ecophysiological properties and energy fluxes in both NFW landscapes 

were comparable to natural systems. From an energy partitioning perspective,  intra and inter 

seasonal b trends aligned with those summarised in Helbig et al. (2020a), with the fen exhibiting 

b <1, with lowest values in July and upland b remaining >1 early in the season and approaching 1 

or less during peak season. Albedo values of NFW (fen 0.12-0.14; upland 0.16-0.18) were similar 

to values presented in Helbig et al. (2020a; peatlands 0.9 – 0.17; forests 0.08-0.14), although the 

slightly higher NFW-upland albedo is attributed to the system being a mixed broad and needle leaf 

forest compared to solely needleleaf systems described in Helbig et al. (2020a). Based on these 

results, NFW surface energy exchanges are comparable to natural and post-disturbance boreal 

landscapes, indicating the system is evolving towards a functional ecosystem.  

3.4.2  Implications for oil sands reclamation and regional climate 

Currently, there are limited studies of upland surface energy exchanges in a reclaimed AOSR 

setting and none capturing the energy dynamics following peatland reclamation. Moreover, the 

sub-humid climate of the WBP makes the region a further unique niche where boreal landscapes, 
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such as peatlands, exist despite frequent water limitations. Surface-atmosphere exchanges are 

important to overall ecosystem function as they influence the amount of energy and water available 

for key ecohydrological feedbacks and processes, such as energy for photosynthesis and 

evapotranspiration. From a reclamation standpoint, examining energy exchanges during landscape 

evolution provides further insight into the outcomes of ecosystem design and planting as well as 

the feasibility of reclamation endeavours providing information on the ecohydrological trajectory 

and stability of the system.  

Results from this study indicate that within the first seven years of site establishment, NFW 

energy fluxes and ecophysiological responses to changing environmental conditions were 

comparable to natural and post-disturbance landscapes in the region, which is encouraging from a 

reclamation perspective. Results from this study add to our knowledge of the coupled dynamics of 

soil-plant-atmosphere-water dynamics and processes by providing a temporal snapshot of energy 

and water fluxes under varying surface and meteorological conditions. For example, our results 

provide further evidence of surface-atmosphere coupling and the important role of vegetation in 

regulating water losses. These results are particularly relevant for reclamation endeavours in the 

AOSR, as the region is expected to experience increased water-stress (Thompson et al., 2017; 

Ireson et al., 2015), and the question of ecosystem evolution, through plant succession and function 

under drought conditions, is a prominent issue. This work also provides a spatial snapshot of land 

cover change following reclamation, using ecosystem scale, remote sensing techniques, which 

could be a useful and feasible tool to apply to future studies of reclamation endeavours, especially 

for larger scale projects.  However, this work only provides an initial (seven year) snapshot of 

energy dynamics – future work should include continued monitoring of energy exchanges as the 

NFW system evolves and trees mature. Moreover, a limitation of this study is that it only includes 
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the results from a single pilot site – variation to site design or even environmental conditions (e.g., 

air temperature and precipitation) during initial years following construction could result in a 

different successional trajectory and energy partitioning, particularly during early years. Thus, 

ecosystem scale monitoring at future reclaimed sites is recommended. Furthermore, this study only 

quantifies growing season measurements. Future work examining the effects of reclamation on 

winter albedo values and energy exchanges may be beneficial to understanding annual energy 

balance and climate interactions, as recent studies have indicated boreal wetlands may have a 

warming effect in winter but a cooling effect in summer (Wu et al., 2021). Overall, similar 

monitoring campaigns of future reclamation sites are recommended to improve and further 

reclamation practices, designs and assessments.  

From a broader perspective, reclamation (i.e., land cover change) and the subsequent changes 

to surface-atmosphere exchanges could have implications and effects on regional climate and 

carbon balance (Mahmood et al., 2014). To date, an approximate area of 1055 km2 has been 

impacted by open-pit oil sands mining in the AOSR (Alberta Environment and Parks, 2020) 

drastically altering surface conditions resulting in albedo changes, decreased surface roughness, 

drier surface conditions and ultimately a change in energy partitioning, all of which can impact 

surface temperatures, water and carbon dynamics as well as boundary layer thickness and cloud 

formation (Helbig et al., 2020b; Bonan, 2008; Chamber and Chapin, 2002). Increasingly boreal 

landscapes (in particular peatlands) are being proposed as nature based solutions (NbS) to climate 

change due to their water storage capacity, biogeochemical cooling effect and long-term 

sequestration of carbon dioxide (Strack et al., 2022; Helbig et al., 2020; Worral et al., 2019; Nugent 

et al., 2019; Frolking and Roulet, 2007). Firozjaei et al. (2021) found reclamation of a portion of 

the Hambach mine in Germany resulted in a decrease in mean land surface temperature (LST) by 
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up to 13°C. Similarly, Cao et al. (2020) found that for every 0.1 increase in EVI plant coverage, 

LST decreased by approximately 0.75°C in the mining city of Jixi, China. Worral et al. (2019) 

observed a significant decrease in LST in an 18-year study following the restoration and rewetting 

of a drained peatland. While LST was not directly examined in our NFW study, we did observe 

changes in soil temperature, energy partitioning, aerodynamic and surface conductance as well as 

ET fluxes (Chapter 2, Chapter 5) as the system evolved from a bare to vegetated system. Moreover, 

in Chapter 2 and Clark et al. (2019) observed a rapid return to carbon sink function at AOSR 

constructed fens within three years of reclamation. We infer that current energy and water 

exchanges at NFW are similar to that of nearby natural (or post-disturbance) landscapes and are 

an improvement compared to the bare, disturbed (pre-reclamation) landscape. Reclamation efforts 

in the AOSR could potentially help mitigate or lessen future climate change impacts by altering 

(i.e., returning) surface conditions to pre-disturbance radiative properties, which could affect the 

regional energy balance and ultimately temperature and precipitation trends.  

3.5 Conclusions 

This study quantified surface-atmosphere exchanges during the initial seven years following 

reclamation – from barren landscape to a flourishing, vegetated ecosystem. The fen and upland 

exhibited varying rates of ecosystem evolution, as well as energy partitioning, due to different 

biophysical conditions. Both landscapes exhibited a temporal shift in controls on energy 

partitioning linked to the establishment of robust plant coverage.  Initially abiotic factors, such as 

available energy, meteorologic and edaphic conditions, dictated energy partitioning as well as the 

timing and type of plant emergence. Plant growth resulted in altered surface conditions (i.e., 

change in albedo, surface roughness, shading) and a subsequent shift in energy dynamics. Once 

vegetated, plant phenology and physiology along with environmental conditions, largely 
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controlled energy partitioning. Moreover, with the establishment of vegetation, surface-

atmosphere exchanges became more coupled, and water loss was regulated by plant stomatal 

processes. By year seven, energy and moisture exchanges were comparable to that of natural and 

other post-disturbance landscapes in the region suggesting this particular constructed system is on 

a trajectory to becoming a functional, self-sustaining ecosystem.  
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Chapter 4: An assessment of carbon dioxide exchange following 

vascular plant establishment in a constructed boreal watershed 

4.1 Introduction 

Ecohydrological feedbacks are driven by complex, coupled dynamics between biotic and abiotic 

elements (Brümmer et al., 2012; Morris et al., 2011). While environmental conditions strongly 

dictate the structure and composition of plant communities (Trites and Bayley, 2009;  Vitt and 

Chee, 1990; Tilman, 1988; Bazzaz 1979), vegetation itself alters the biophysical environment and 

performs a critical role in the redistribution of resources including energy, carbon, water and 

nutrients (Caylor et al., 2005). The patterned landscape of forests, wetlands and open-water regions 

that comprise the Boreal biome have been increasingly recognized for their important ecosystem 

services, particularly carbon sequestration and storage (Strack et al., 2022; Mazziotta et al., 2022; 

Helbig et al., 2020). The Athabasca Oil Sands Region (AOSR) in the Boreal Plains ecozone is an 

area of interest in this regard due to the large-scale removal of these natural ecosystems in the 

extraction of bitumen, resulting in the loss of the carbon sequestration function. Over the past 

decade, pilot-scale endeavours assessing the feasibility of reclamation efforts in the AOSR have 

been on-going. Metrics for assessing ecosystem design, development, function, and trajectory of 

these constructed systems are still being assessed. Preliminary research suggests utilizing carbon, 

water, and nutrient fluxes as integrated measures of reclamation performance as these indicators 

provide meaningful assessments of ecosystem function (Clark et al., 2022).  To date, limited 

studies assessing community-scale plant function and response to evolving environmental 

conditions have been conducted at reclaimed sites due to the juvenile nature of these pilot projects 

and the use of largely ecosystem-scale (e.g., eddy covariance and remote sensing) monitoring 

techniques. Capturing species-specific CO2 dynamics provides vital insight for future reclamation 
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endeavours in terms of planting campaigns as well as the longevity and self-sustainability of these 

constructed ecosystems under periodic environmental stress. Moreover, species-specific studies of 

reclaimed AOSR landscapes have been largely limited to the initial or early (<3) years post-

construction and largely focused on wetland landscapes (Prystupa et al., 2023; Hartsock et al., 

2021; Clark et al., 2019; Murray et al., 2017; Scarlett et al., 2017; Nwaishi et al., 2015) or are 

greenhouse/laboratory based (Glaeser et al., 2021; Vitt et al., 2020 ). This study builds upon these 

earlier studies by providing insight to plant dynamics and function following the initial 

developmental years after construction and also provide insight into ecohydrological dynamics of 

upland species. The main objective of this study was to quantify species-specific CO2 fluxes 

following the widespread establishment of vascular vegetation for constructed fen and upland 

landscapes. Secondly, we aimed to  determine atmospheric and edaphic controls on CO2 fluxes and 

whether they controls varied among species in the fen and in the upland. 

4.2  Methods 

4.2.1  Study Site and Sample Design 

This study was conducted at the recently constructed (2013) upland and fen landscapes of the 

Nikanotee Fen Watershed (NFW), located approximately 30 km north of Fort McMurray, Alberta 

(56°55′59” N, 111°25′00” W). Construction, site design, and planting campaigns are described in 

detail in Ketcheson et al. (2017), Borkenhagen and Cooper (2019) and Popović et al. (2022). 

Hydrologically, NFW was designed to be self-sustaining and mimic the mosaic of forested upland-

wetland landscapes of the AOSR where uplands supply water to downgradient fens (Elmes and 

Price, 2019). The upland (7.7 ha) was constructed at a ~3% slope to encourage groundwater flow 

towards the fen and consists of a 3 m thick coarse tailings sand aquifer with high hydraulic 

conductivity (Sutton and Price, 2020a) overlain by a 20-50 cm thick cover soil composed of 
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salvaged forest soil (sandy loam to loam). As of 2019, the upland was a mixed broadleaf-

coniferous forest and dominant tree species include black spruce (Picea mariana), jack pine (Pinus 

bankstana), balsam poplar (Populus balsamifera) and aspen (Popules tremuloides). The 

understory is composed of forbs and grasses including thistle (Sonchus arvensi), slender wheat 

grass (Agropyron tracycaulum), bunch berry (Cornus stolonifera), showy aster (Eurybia 

conspicua) and yarrow (Achillea millefolium L.). Understory coverage was not continuous and 

quite sparse in some areas and characteristically similar to ‘dry brush’ (see Figure 4-1B, bottom 

row).  Moreover, as trees were still juvenile, the overstory was open. Additionally, due to planting 

campaigns, growth rates, and variability in edaphic conditions, upland species can be grouped into 

three zones (Figure 4-1): i) low slope: dominated by broadleaf (>140  m in height) with some 

coniferous (generally smaller and less abundant) species; ii) mid-slope: mix of broadleaf and 

coniferous species, most trees are greater than 140 cm in height; and iii) high slope: dominated by 

coniferous trees with few to rare broadleaf species, where all trees are larger than 140 cm in height. 

The fen (2.9 ha) is composed of a 2 m thick layer of salvaged, donor peat and while not part of the 

initial design has had regions of standing water (“ponds”) since construction in 2013. While 

initially an experimental factorial design consisting of various treatments was applied 

(Borkenhagen and Cooper, 2019) and both freshwater and saline-tolerant sedge and moss species 

were planted, by 2015 fen vegetation was widespread and largely dominated by Carex aquatilis 

with smaller pockets of Juncus balticus occurring in drier regions. From 2014 onwards, invasive 

Typha latifolia infilled many of the ponded regions.  

This study focused on community-scale (i.e., species specific), whole plant chamber fluxes. 

Measurements were taken weekly at each flux location (hereafter referred to as a plot) during the 

snow free growing season (May – August). Each plot contained a dominant species (Table 4-1). 
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In the fen, a mixed group was also added (for plots containing both Carex aquatilis and Juncus 

balticus). Fen measurements span from 2016 to 2019 and a total of 32 plots were measured each 

week (Table 4-1). Evacuations in 2016 during Horse Creek wildfire resulted in a shortened field 

season, with measurements from mid-July and early August only (and have been omitted from any 

statistical analysis here). Due to slower plant development, upland measurements were only 

collected in 2018 and 2019 (once trees became more robust). Due to its size, heterogeneity and to 

adequately capture trends, the upland was divided into nine quadrants (Figure 4-1) and within each 

quadrant one plot of each species was measured (Table 4-1) for a total of 45 upland plots. Note 

that Latin species names are used in this manuscript; however, colloquial or shorthand versions 

(e.g., Carex (Ca) or Aspen (As)) are used in figures to simplify legends and axis labels.  
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Figure 4-1: Map depicting the Nikanotee Fen Watershed (NFW) fen and upland landscapes and 
the location of instrumentation (meteorological towers and soil pits) as well as chamber flux plot 
locations.  B: Field photographs depicting the fen (top row) and upland (bottom row) and the 
whole-plant, single and stacked chamber flux technique. 
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Table 4-1: Landscape specific specs and sampling design 
 Dominant  

Species 
Number 
of Plots 

Chamber 
Dimensions 

(cm) 

Chamber Type 
 

Tube 
Length (cm) 

Metal  
Collar 

Fen Carex aquatilis 
Juncus balticus 
Typha latifolia 
Mixed 
 
Total 

12 
7 
6 
7 
 

32 

60 x 60 x 60 
60 x 60 x 60 
50 x 50 x 40 
60 x 60 x 60 

single 
single 
stacked (x3) 
single 
 

75 
75 
200 
75 

yes 
yes 
no 
yes 

Upland Populus tremuloides 
Populus balsamifera 
Picea mariana, 
Pinus banksiana 
Understory  
 
Total 

9 
9 
9 
9 
9 
 

45 

50 x 50 x 40 
50 x 50 x 40 
50 x 50 x 40 
50 x 50 x 40 
50 x 50 x 40 

 

stacked (x4) 
stacked (x4) 
stacked (x3) 
stacked (x4) 
single 

200 
200 
200 
200 
75 

no 
no 
no 
no 
no 

 

 

Table 4-2: Number of flux measurements per season after QA/QC to r2 greater than 0.80. Original 
number of flux measurements in brackets.  

 2016* 2017 2018*** 2019*** 
Fen 72 (76) 378 (385) 272 (281) 261 (266) 
Upland -- -- 264 (272)** 289 (294) 

* field season shortened due to Horse Creek Fire evacuation (measurements from mid July – early August only) 
** no measurements in May (due to installation delays) 
***fewer measurements (due to inclement weather)  

 

4.2.2  Environmental Conditions 

Meteorological towers were installed in each landscape following construction (2013) with 

identical instrumentation. Air temperature and relative humidity were measured using 

ROTRONIC HCTS3 (Campbell Scientific: Logan, Utah, USA) probes while precipitation was 

measured with a tipping bucket rain gauge (TR-525M; Texas Electronics, Texas, USA) placed 

within a clearing near the tower to avoid canopy and tower influences. Mean daytime (07:00 – 

20:00) photosynthetically active radiation (PAR) was derived from incoming shortwave radiation 



 

 110 

(CNR4) (Kipp Zonen; Delft, Netherlands) using a numerical coefficient (Britton and Dodd, 1976) 

and the LakeMetabolizer package in RStudio (Winslow et al., 2016). All data were collected on a 

CR1000 (Campbell Scientific: Logan, Utah, USA) datalogger at a sampling frequency of 1 minute 

and averaged every half-hour. Half-hourly values were subsequently calculated into daily 

averages. Here, tower measurements provide an overview of ecosystem-scale atmospheric 

conditions during the study period. Instantaneous chamber measurements of air temperature, 

relative humidity and PAR were used in flux calculations and statistical analysis.  

Water table depth (WTD) measurements were collected via the extensive hydrometric network 

using a combination of both manual and automatic (HOBO MX2001-S; Onset: Massachusetts, 

USA) measurement techniques. Complete details about the hydrometric network are described in 

Ketcheson et al. (2017). Wells were constructed using polyvinylchloride (PVC) pipes with an 

inside diameter of 2.54 cm, fully slotted, wrapped with well screening and installed at depths of 

1.5 m (fen) and 3 m (upland). Here, positive WTD values indicate a water table above the soil 

surface. In the fen, additional wells were installed adjacent to measurement plots.  Near surface (5 

cm) soil moisture (VWC) and soil temperature (Tsoil) were manually measured using a WET-2 

Sensor/HH moisture meter (Delta-T Ltd: Cambridge, UK) calibrated for each soil type (i.e., peat 

vs mineral soil). At times, dry conditions in the upland (<10% VWC) limited the ability to use the 

WET-2 Sensor accurately and data was corroborated and gapfilled using instrumented soil 

moisture pits (Figure 4-1) located throughout the upland (described in Popović et al., 2022). 

Edaphic conditions were measured adjacent to (and outside of) the flux collar (see below) as to 

not distort gas exchanges. Measurements were taken concurrently with flux measurements to 

capture accurate environmental conditions.  
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Leaf area index (LAI) was measured monthly at flux plots using LP-80 (2016-2018; Hoskin 

Scientific, Oakville, Canada) and LI-2200C (2019; LI-COR: Lincoln, Nebraska, USA). LAI 

probes as described in Popović et al., 2022. Briefly, dual readings were taken at each measurement 

location to derive understory and canopy layer LAI. Standard LAI corrections were applied 

according to literature (Chen et al., 1997). Non-destructive vegetation surveys were conducted 

yearly during peak season foliage to supplement the description of vegetation. In the fen, the 60 x 

60 cm collars installed for chamber-based flux measurements were used as the survey area (n=32), 

where percent cover of vascular plant species, litter, bare ground, and water were estimated, along 

with measurements of plant height and litter thickness. In the upland, similar methods were applied 

at each understory flux plot (n=9) along with measurements (species, height, and diameter at breast 

height (DBH), litter thickness) of all treed flux plots (n=36).  

 

4.2.3  CO2 Chamber Fluxes 

Carbon dioxide (CO2) exchanges were measured using the portable closed-chamber flux method 

(Petrone et al., 2011; Nwaishi et al., 2016) via a portable infrared gas analyser (EGM–4; PP 

Systems: MA, USA). Table 4-1 describes chamber dimensions and sample design. Notably, 

stackable plexiglass chambers were used in the upland (and Typha latifolia fen plots; Figure 4-1) 

to adequately fit vegetation under the chamber without breakage or bending. Chamber 

measurements of air temperature (Tair), relative humidity (rH), photosynthetic radiation (PAR) 

and CO2 were taken every 15 seconds for a 3 minute interval on the EGM-4. At each plot, both a 

light and dark run were completed to partition respiration (R) from net ecosystem exchange (NEE) 

and calculate gross ecosystem photosynthesis (GEP). Here, R includes both autotrophic and 

heterotrophic respiration. Dark conditions were simulated by covering the clear plexiglass 
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chamber with a black, opaque tarp. To achieve equilibrium in CO2 concentrations between 

measurements, chambers were lifted and aired out until CO2, rH and temperature readings returned 

to ambient levels. Moreover, two small battery-operated fans were installed in each chamber to 

continuously circulate air during measurements. Plots were measured in random order on each 

sample day to capture a range of day-time values and conditions at each plot. Plexiglass chambers 

were placed on a perforated metal collar (permanently inserted in the ground, ~ 15 to 20 cm deep) 

and water was poured around the edges to create a seal. In the fen, metal collars were installed 

prior to this study period (following site construction). In the upland, metal collars were not 

installed following construction, thus at the time of this study as treed species had already 

established rooting systems, steel collars were not inserted as too not sever roots (and affect tree 

health and productivity). Instead, a 5-10 cm deep groove spanning the perimeter of a chamber was 

carefully cut into the ground around each tree to place the chamber in. Due to the short 

measurement period (3 minutes) and large chamber volume, leakage is assumed negligible (based 

on testing by Pérez-Priego et al., 2010). CO2 fluxes (net ecosystem exchange (NEE)) were 

calculated from the linear change in concentration over time. Lines of best fit were derived and 

any samples where the flux change over time resulted in an r2 less than 0.8 were rejected as 

suggested by Pelletier et al. (2007). Exceptions were made when instances of low NEE flux were 

probable (e.g., early growing season).  Here, a negative CO2 flux indicates carbon uptake by the 

surface from the atmosphere. The number of flux measurements varied across years (Table 4-2) 

as measurements are limited to fair-weather conditions and cannot be taken during precipitation 

events, low PAR (<200) or high relative humidity (>80%) due to sensor function. As such, years 

with more precipitation events typically result in fewer available measurement days. CO2 fluxes 
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were partitioned into NEE, respiration (R) and gross ecosystem productivity (GEP). GEP was 

calculated as the difference between (chamber measured) NEE and R, 

     𝐺𝐸𝑃 = 𝑁𝐸𝐸 − 𝑅                  (1) 

4.2.4  Data analysis 

For statistical analysis, only measurements spanning from the last week of June to the first week 

of August from 2017-2019 were used as this time frame: a) represented peak leaf out for vegetation 

in the region and limited interference caused by varying plant emergence rates and LAI; and b) 

had a consistent amount of data points between years. 2016 was omitted from statistical analysis 

due to the shortened field season and limited measurements. Note that no data was collected in the 

upland in 2017. The accepted significance level used for all statistical tests was p < 0.05 and 

significance is denoted by . for p<0.10, * for p < 0.05, ** for p < 0.01, *** for p < 0.001 in figures. 

All statistics were completed using RStudio (RStudio Team, 2020). A Kruskal-Wallis with post-

hoc Dunn test was conducted to evaluate differences in CO2 fluxes between species for each 

landscape. A linear mixed effect model (LME) was run for each landscape to delineate 

environmental controls. To evaluate species-specific relationships between edaphic (i.e., water 

table depth, soil moisture, soil temperature,) and atmospheric (PAR and Tair) environmental 

variables and fluxes (NEE, GEP, R) LME were run for each species. All LME’s were run using 

the nlme package (Pinheiro et al., 2014) with year and plot as the random factor. To examine 

environmental controls on fluxes between years a spearman rank correlation was conducted for 

each year. Here, only R and GEP are analyzed against environmental variables to reduce model 

redundancy and results repetition as NEE is a sum of R and GEP. Correlations were generated 

using the Performance Analytics package (Peterson and Carl, 2020) paired with GGally package 

(Schloerke et al., 2020) producing a p-value between each pair of parameters and a Spearman rank 
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coefficients (RS), ranging from -1 to 1, where values with absolute value closer to 1 indicate a 

stronger correlation and values closer to zero indicate less correlation.   

4.3  Results 

4.3.1  Environmental conditions 

During the study period a range of meteorological conditions were observed (Figure 4-2) from 

warm and dry (2017: mean seasonal Tair = 17 °C, 162 mm total P), warm and wet (2018: mean 

Tair = 17 °C, 253 mm total P) and cool and wet (2019: mean seasonal Tair = 15 °C, 263 mm total 

P). 2016 was also classified as warm and wet based on Environment Canada records for the region 

for the growing season when paired with site measurements (July, August 2016 site measurements: 

mean seasonal Tair = 19 °C, 202 mm total P).  Tair exceeded seasonal 30-year climate normals for 

the region (14 °C, 247 mm P; Environment Canada, 2020) across all years, while 2016, 2018, 2019 

experienced P in excess of normals. Air temperature ranged between -4 °C (May, 2019) and 35 °C 

(July, 2018) throughout the study period and exhibited typical seasonal trends of higher 

temperatures in June, July (average 18 °C) and lower temperatures in May and August (average 

15 °C; Figure 4-2B). Notably, the frequency, intensity and timing of precipitation events varied 

among years (Figure 4-2A), with 2017 being the driest year. Photosynthetically active radiation 

(PAR) was typically higher from May to mid-July and slowly decreased in August towards the 

end of the growing season (Figure 4-2C). Seasonally, PAR was similar throughout 2016 – 2018, 

however a slight decrease was observed in 2019 (Figure 4-2C), reflective of (frequent) overcast 

conditions that year.  

Due to differences in substrate composition (peat in the fen versus mineral soil in the upland) and 

site design, edaphic conditions varied between the two landscapes (Figure 4-3). Generally, the fen 
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was wetter and characterized by a stable, near-surface (± 20 cm of the ground surface) water table 

and high soil moisture (seasonal means ranging between 78-87%), while the upland exhibited drier 

conditions consisting of a deeper (>200 cm below ground surface) water table and lower soil 

moisture (10-25%; Figure 4-3A,B). Moreover, edaphic response to meteorological conditions 

varied between the fen and upland with fen WTD and soil moisture remaining relatively stable 

following smaller, less intense precipitation events. However, prolonged dry periods (e.g., 2017 

July-August) or intense rainfall (e.g., 2018 July) resulted in an edaphic response in the fen (Figure 

4-3). Notably, between June and August 2017 mean water table depth in the fen decreased from 1 

cm above ground surface to 14 cm below ground surface and mean soil moisture decreased by 

15% (from 85 to 70%). By mid-August 2017, some inundated regions were no longer ponded 

(although WT remained at or near the surface, ± 2cm). Similarly, highest mean monthly VWC 

(93%; Figure 4-3) was observed in August 2019, coinciding with frequent P events and the wettest 

month during the study period (Figure 4-2). Upland edaphic response was much more rapid 

resulting in soil moisture fluctuating between 5-15% over several hours to days following 

precipitation events. Due to substrate composition, wetter conditions and   more widespread plant 

(and litter) coverage, soil temperature was lower in the fen than the upland across all years 

(seasonal means of 17.8 °C (fen) and 23.5 °C (upland); Figure 4-3C). Moreover, there was less 

diurnal Tsoil fluctuation in the fen than upland.   
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Figure 4-2: Meteorological conditions from 2016 to 2019. A) Monthly total precipitation (mm). B) Mean daily air 
temperature (°C). C) Mean daily daytime (07:00 – 20:00) photosynthetically active radiation (PAR; μmol m-2 s-1). 
Black line indicates the median, the box represents the 25th to 75th quartile, the whiskers include 95% of the range, 
and the black circles are outliers 
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Figure 4-3: Edaphic conditions measured at each flux plot from 2016 to 2019 for the fen (dark 
green) and upland (light green). A) Water table depth (WTD; cm), negative value indicates below 
ground. Note the break in the y axis. B) soil moisture measured at 5 cm depth (volumetric water 
content (VWC, %). C) soil temperature measured at 5 cm depth. Black line indicates the median, 
the box represents the 25th to 75th quartile, the whiskers include 95% of the range, and the black 
circles are outliers. 
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In the fen edaphic conditions varied between species-specific plots. T. latifolia plots were typically 

wettest and most stable with near-constant ponding (seasonal mean WTD of 12±11 cm above 

ground; VWC of 87± 6%; Tsoil of 16.8±5°C). Highest water table position during the study period 

was observed at T. latifolia plots in 2018 (maximum of 38 cm above ground surface), which was 

also the tallest in the fen (Figure 4-4) (average height of 101 cm) with a seasonal mean LAI of 1.4 

and created a moderate amount of litter seasonally (average thickness 11 cm; but often submerged). 

J. balticus plots were generally drier compared to other species (seasonal mean WTD of 9±7 cm 

below ground surface; VWC of 80±9%; Tsoil of 19±7°C) and experienced a more rapid, and at 

times more frequent, response to changing environmental conditions (i.e., frequent wetting and 

drying). J. balticus plants were generally the shortest with a seasonal mean height and LAI of 45 

cm and 1.65 (Figure 4-4), were typically less dense than C. aquatilis plots and accumulated less 

litter (than species with wider or larger plant morphologies and biomass). C. aquatilis plots were 

wetter than J. balticus (seasonal mean WTD of 5±5 cm below ground surface; VWC of 84±6%; 

Tsoil of 17±4°C) and experienced less variability throughout the growing season. Interannual 

mean height and LAI of C. aquatilis plots were 54 cm and 1.9 (Figure 4-4), which were also 

typically the densest amongst fen species and had the thickest litter layer on average at 16 cm. 

Mixed plots exhibited a range of edaphic conditions between C. aquatilis and J. balticus plots 

(interseasonal mean WTD of 6±9 cm below ground surface; VWC of 82± 6%; Tsoil of 18±5°C) 

depending on plot location and the proportion of each species within the plot.  

In the upland edaphic conditions were largely similar between species. Litter formation was 

significantly less compared to the fen (Figure 4-4) with broadleaf species and understory plots 

accumulating a marginally thicker litter layer than coniferous species. Average height and LAI of 

the upland understory was 36 cm and 0.9 (Figure 4-4). P. balsamifera trees were on average tallest 
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(Figure 4-4) in the upland and had a mean dbh of 4.8 cm and an average LAI of 2.1. P. tremuloides 

trees were slightly shorter with thinner dbh (mean 3.5 cm) and lower LAI than their broadleaf 

counterparts (1.8; Figure 4-4). Coniferous species differed from one another with P. banksiana 

being the larger of the two (Figure 4-4). P. banksiana generally had the thickest dbh (mean 5.4 

cm), widest basal area and largest LAI (2.3; Figure 4-4) of all upland species. P. mariana trees 

were on average the smallest tree species measured in the upland (Figure 4-4).  

 

 
 
Figure 4-4: Summary of dominant vegetation in the fen and upland. Based on surveys from each 
flux plot.  A) Mean peak growing season (July) leaf area index (LAI) for each species. B) Mean 
plant height and litter (yellow rectangle) height for each species.  
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4.3.2  Carbon Fluxes 

Seasonally, both landscapes were on average net sinks for CO2 during daytime conditions, albeit 

at varying magnitudes (interseasonal mean NEE of -14 and -25 g CO2 m-2 day-1 in the fen and 

upland, respectively; Figure 4-5). In the fen, some variability between years was observed with 

mean seasonal NEE ranging between -9  to -18 g CO2 m-2 day-1 (in 2017 and 2018 respectively). 

Moreover, lowest mean seasonal fen GEP and R were observed in 2019 at -28 and 15 g CO2 m-2 

day-1, respectively (Figure 4-6). The upland exhibited less variability between years with mean 

seasonal NEE ranging between -26 and -24 g CO2 m-2 day-1. However, like the fen, mean seasonal 

GEP and R were lower in 2019 (-47 and 23 g CO2 m-2 day-1) compared to 2018 (-53 and 27 g CO2 

m-2 day-1). GEP and R were higher in the upland than fen with means of -50 and 26 g CO2 m-2 day-

1 (upland) and -32 and 19 g CO2 m-2 day-1 (fen). However, fen R showed greater fluctuation and 

range compared to the upland (Figure 4-6). Results of Kruskal-Wallis with post-hoc Dunn tests 

showed significant differences between species although to varying degrees between the two 

landscapes, with less variation between fen than upland species (Fen: p-value <0.05, Chi-squared 

of 8.2; Upland p-value < 0.001, Chi-squared of 95.3; Figure 4-5). In the fen, C. aquatilis, J. balticus 

and mixed plots had similar overall CO2 dynamics while T. latifolia plots were significantly less 

productive, with lower R and less net uptake of CO2 (less negative NEE) (Figure 4-5). J. balticus 

plots had the greatest uptake (seasonal mean NEE -19 g CO2 m-2 day-1, GEP -43 g CO2 m-2 day-1) 

and highest R (24 g CO2 m-2 day-1) of all fen species. In the upland, broadleaf species (P. 

balsamifera and P. tremuloides) generally had the largest GEP and R and sequestered more CO2 

(seasonal mean NEE of -42 and -39 g CO2 m-2 day-1, respectively; Figure 4-5) than coniferous or 

understory plots.  Understory plots sequestered the lowest amount of CO2 with mean seasonal NEE 

ranging between -1 and 1 g CO2 m-2 day-1 (Figure 4-5). While understory plots had R rates 
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comparable to coniferous species, GEP was significantly lower (i.e. less negative) than tree species 

(Figure 4-5).  

Both landscapes exhibited seasonal variability (Figure 4-6) with lowest NEE typically occurring 

in May (Figure 4-6).  During the early growing season, many fen plots were a source of CO2 with 

mean May NEE ranging between -6 to 9 g CO2 m-2 day-1 among fen species (Figure 4-6). Notably 

in 2018, mean May R in the fen was almost double compared to other years at C. aquatilis,  J. 

balticus and mixed plots (with 16, 17 and 11 g CO2 m-2 day-1 in 2018 compared to 9, 8 and 6 g 

CO2 m-2 day-1 in 2017 and 2019) but not at T. latifolia plots (Figure 4-6). Moreover, J. balticus 

plots typically experienced the greatest seasonality and sequestered more CO2 earlier in the 

growing season (i.e., June) than C. aquatilis or mixed plots (Figure 4-6). In the upland, seasonal 

variability differed between tree types with coniferous plots exhibiting less seasonality and a 

smaller change in GEP (~5-20 g C m-2 day-1) compared to broadleaf plots, which exhibited larger 

(~10-40 g C m-2 day-1) changes in GEP throughout the season (Figure 4-6).  
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Figure 4-5: Partitioning of CO2 fluxes (g CO2 m-2 d-1) by species A) net ecosystem exchange 
(NEE). B) gross ecosystem productivity (GEP). C) respiration (R). Compact letter display depicts 
results from post-hoc Dunn statistical analysis representing significant differences between 
species.  Black line indicates the median, the box represents the 25th to 75th quartile, the whiskers 
include 95% of the range, and the black circles are outliers. 
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Figure 4-6: Seasonal variability in CO2 fluxes based on monthly means by species from 2016 to 
2019 for the fen and upland.  A) net ecosystem exchange (NEE). B) gross ecosystem productivity 
(GEP). C) respiration (R). 
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4.3.3  Environmental controls on CO2 and H2O fluxes 

 

As a result of differences in substrate material, edaphic conditions and plant communities’ 

environmental controls and sensitivity to changing conditions varied between the two landscapes. 

Figure 4-7 summarises the relationship between edaphic (Tsoil, VWC, WTD) and atmospheric 

(PAR, Tair) variables and fluxes (NEE, GEP, R) for each species. Figure 4-8 depicts landscape-

scale spearman rank coefficients (RS) between environmental variables and CO2 fluxes (GEP, R) 

for each year, providing insight into the strength of the relationship depending on the 

hydroclimatology of the season (i.e., in a wet versus dry year). Negative RS between GEP and 

environmental variables is due to the sign convention used in this study where, as GEP increases 

the value becomes more negative.  

At the landscape scale, results of LME model analysis showed atmospheric controls explained a 

significant amount of variation in GEP (PAR and Tair upland: p=0.0017, 0.021; fen: p=0.0016, 

0.037) in both landscapes. WTD was not significant for explaining variation in upland fluxes and 

only weakly significant for fen GEP (p=0.0489). Edaphic conditions largely drove R but to varying 

degrees between the two landscapes with upland R strongly driven by Tsoil (p=0.0027) and VWC 

(p=0.0041), while fen R displayed weaker interactions with Tsoil (p=0.0361), VWC(p=0.0483) 

and to a lesser (non-significant) degree WTD (p=0.0722). Notably, upland R experienced a weak 

(but not significant) degree of atmospheric controls as well (p=0.0571).  

 Fen species saw a greater variability in controls between species due to the heterogeneity 

in surface conditions (Figure 4-7A) and plant physiology. In contrast to other fen species, as 

edaphic conditions were relatively stable and consistently wet (i.e., frequently ponded, high water-

availability) atmospheric controls were found to be the only significant factors driving GEP and 
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NEE at T. latifolia plots (Figure 4-7A). Furthermore, no significant control was defined for R at 

T. latifolia plots. At J. balticus plots, where edaphic conditions frequently fluctuated between 

wetter and drier, R was strongly related to edaphic conditions (Tsoil, VWC and WTD; Figure 4-

7A) and to a lesser extent Tair. Moreover, R was significantly related to WTD at J. balticus plots, 

unlike at other plots where WTD was not significant. As mixed and C. aquatilis plots were 

generally wetter (than J. balticus plots) R was controlled by Tsoil and VWC albeit to varying 

degrees of significance (Mixed plots p=0.0074 (Tsoil), p=0.0385 (VWC); C. aquatilis p=0.056 

(Tsoil), p=0.057 (VWC); Figure 4-7A). Notably, there was no significant relationship between 

WTD and GEP in fen species although C. aquatilis and mixed plots did show a weak (non-

significant) relationship (p=0.068 and 0.073, Figure 4-7A). Controls on NEE between the species 

largely reflected GEP and R trends. In wetter plots (T. latifolia, C. aquatilis) NEE was more 

strongly controlled by atmospheric variables (and those linked to GEP) compared to drier plots (or 

plots that exhibited frequent fluctuations in edaphic conditions; J. balticus and mixed plots) where 

edaphic controls (and R) played a larger role.  

Upland species largely exhibited similar environmental controls, although there was some 

variability between tree types (e.g., broadleaf versus coniferous R; Figure 4-7B). WTD was not 

significant for any flux-species relationships in the upland. Controls on GEP were largely similar 

between treed species (driven by PAR, VWC and Tair) but differed for understory plots where 

Tsoil, VWC and to lesser extent PAR were dominant drivers (Figure 4-7B). Controls on upland R 

also varied between tree types with coniferous species exhibiting strong edaphic controls as well 

as a (non-significant) degree of atmospheric influence (Figure 4-7B).  

Results from the spearman correlation analysis reinforced NLME results by depicting a strong 

relationship between GEP and atmospheric conditions across all years (Figure 4-8). Moreover, 
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spearman correlation results indicated that the strength of the relationship between environmental 

variables and fluxes varied depending on overall seasonal hydroclimatic conditions (i.e., wet 

versus dry years). For example, while Tsoil was positively correlated and significant to R across 

all years (Figure 4-8) there was a stronger and more significant correlation in the drier 2017 season 

(RS=0.62, p < 0.0001) than wetter years (2018, 2019; RS between 0.38 and 0.41, p < 0.05; Figure 

4-8A). Similar trends (i.e., stronger correlation during the drier 2017 season than 2018 and 2019) 

were exhibited between VWC, WTD and R (Figure 4-8A). Moreover, Tair was significantly 

associated with R in 2017 but not 2018 or 2019. Additionally, there was a stronger correlation 

between WTD and GEP in dry years (2017; RS= -0.38, p<0.05) compared to wetter, cooler years 

(2019; -0.17, p > 0.10; Figure 4-8A). Generally during warmer years, fen edaphic conditions were 

more strongly correlated to CO2 fluxes while during wetter years with ample water availability, 

fluxes were more strongly correlated to atmospheric conditions. In the upland the degree of 

correlation was similar between years (2018 and 2019) with the largest difference observed in 

relation to VWC and GEP where in 2018 VWC was significant (RS = -0.41, p < 0.01) but in 2019 

it was not (RS = -0.28, p < 0.10; Figure 4-8B). Moreover, it is worth noting the upland exhibited 

stronger edaphic (VWC and Tsoil) and atmospheric (PAR and Tair) controls on R (Figure 4-8) 

compared to the fen. Moreover, GEP was more strongly correlated to VWC in the upland than fen. 
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Figure 4-7: Graphical summary of significance from linear mixed effect model for NEE, GEP and 
R versus environmental variables per each species in the A) Fen and B) Upland.  Variables are 
ordered by significance from left to right.  Significance is denoted by . for p<0.10, * for p < 0.05, 
** for p < 0.01, *** for p < 0.001.  
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Figure 4-8: Temporal variability in environmental conditions (i.e., wetter versus drier growing 
seasons) and its effect on CO2 fluxes in the A) Fen and B) Upland. Spearman rank coefficient (RS) 
depicting the relationship between fluxes (GEP, R) and environmental variables between years 
(2017, 2018, 2019). Significance denoted by p-value . for p<0.10, * for p < 0.05, ** for p < 0.01, 
*** for p < 0.001. 

4.4  Discussion 

4.4.1 Biotic and abiotic controls on CO2 dynamics 

Drivers of CO2 fluxes varied between the two landscapes, between species within a landscape 

(Figure 4-7) and also between years within a landscape (Figure 4-8).  Temporally, seasonal trends 

largely followed plant phenology and growing season dynamics (i.e., hydroclimatology) with less 

CO2 uptake in the early growing season prior to full green up, followed by an increase in CO2 
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sequestration during peak leaf out (coinciding with abiotic conditions such as high PAR), and a 

subsequent decrease in CO2 uptake later in the growing season due to decreasing Tair and PAR 

initiating the early stages of plant senescence (Figure 4-6). This is consistent with the well-

established relationship between plant phenology (i.e., changing LAI) and CO2 dynamics in both 

peatland and forested landscapes (Goud et al., 2017; Xia et al., 2015; Aurela et al., 2009; Bonan, 

1993).  A variable response in plant productivity under varying environmental conditions (i.e. wet 

versus dry periods) is also observed between species largely due to differences in plant physiology, 

highlighting the potential advantages of diverse planting regimes in reclaimed ecosystems.  

4.4.1.1 Fen 

In the fen, variability in fluxes and response to changing environmental conditions between species 

was linked to both plant physiology and abiotic controls. Abiotic conditions have been repeatedly 

shown to dictate species abundance and distribution (Vitt et al., 2022; Phillips et al., 2016; 

Hartsock et al., 2015; Trites and Bayley 2009; Tilman, 1988; Slack et al., 1980; Bazzaz 1979). 

While a systematic planting campaign followed construction (Borkenhagen and Cooper, 2019), by 

2016, the 4th year post-construction, these plots were largely undiscernible, and the dominant 

species described in this study had become widespread. A coupling between species distribution 

and edaphic conditions is seen with J. balticus dominating generally drier regions and zones with 

frequent (edaphic) fluctuations following rain events.  C. aquatilis plots were typically wetter (than 

J. balticus) with a more stable edaphic regime and invasive T. latifolia dominated ponded regions. 

Development of similar early successional plant communities has also been observed at the 

second, nearby, constructed pilot fen (Vitt et al., 2020; Hartsock et al. 2021). While each of the 

species are common across natural boreal wetlands, they have varying tolerance thresholds to 

drought, waterlogging and salinity (Zoltai and Vitt, 1995; Slack et al., 1980). As such, while 
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overall NEE rates are largely similar between fen species (Figure 4-5), species-specific response 

to (changing) environmental conditions varied due to species physiology and function (Figure 4-

6). A slightly lower NEE is observed during drier conditions (2017) compared to wetter years 

(2018). Photosynthesis (GEP) does not appear to be limited by water table drawdown, drier surface 

conditions or high evaporative demand as all species remained productive during drier periods 

(e.g., August 2017, Figure 4-6-GEP). Moreover, during this drier year, GEP rates of all species 

remained well within the range of reported values in natural (-18 to -61 g CO2 m-2 day-1; Volik et 

al., 2020; Cai et al., 2010; Humphreys et al., 2006) and post-disturbance (-3 to -50 g CO2 m-2 day-

1; Schmidt et al., 2021; Clark et al., 2019; Strack et al., 2014) boreal peatlands dominated by 

vascular vegetation in the region. C. aquatilis dominated plots (including some mixed plots) do 

exhibit slightly lower GEP during drier periods (see July-August C. aquatilis in 2017 versus 2018, 

Figure 4-6) and compared to J. balticus plots during drier periods (August 2017 versus August 

2018). This decrease is attributed to plant-mediated stomatal closure, a physiological response to 

limit water loss during drier conditions (Otieno et al., 2012, Monteith, 1995) and due to J. balticus 

plants being more tolerant (than C. aquatilis) to drier or fluctuating edaphic conditions 

(Montemayor et al., 2008; Cooper, 1987). A similar response (i.e., decrease in GEP during drier 

conditions) has been reported in other boreal fens (Laine, 2019; Strack et al., 2014; Adkinson et 

al., 2011). However, peatland water table-CO2-temperature feedbacks are complex and a 

contrasting response (i.e., GEP increases with decreased WT) has also been reported at other boreal 

peatlands (Munir et al., 2014; Flanagan and Syed 2011; Cai et al., 2010). This non-linear response 

and existence of alternate stable states under similar external forcings suggests that functional 

thresholds are likely site-specific and dependent on a multitude of variables (e.g., plant community, 

site age, nutrient status, water availability; Eppinga et al., 2009; Scheffer et al., 2001; Lewontin, 
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1969). At NFW (this study) sustained plant productivity in the fen during drier surface conditions 

is likely driven by biotic controls, namely the well-developed rooting architecture (>0.5 m below 

ground surface in places; Messner, 2019) of fen species, which allowed access to deeper water 

stores and maintained plant function. Previous studies have examined the influence of WT position 

on CO2 dynamics in peatlands (Pugh et al., 2017; Minke et al., 2016; Chimner et al., 2017; 

Adkinson et al., 2011; Riutta et al., 2007; Strack et al., 2006; Oechel et al., 1998) and found that 

small variations in WTD (particularly when WT remains near the surface) are often negligible and 

do not significantly alter GEP or function of vascular plant communities. However, WT drawdown 

past a (site-specific) critical threshold paired with surface drying or prolonged drought conditions 

can negatively affect plant productivity. Results from this study support this finding with the 

limited relationship between WTD and fen species (Figure 4-7) as WT remained largely near the 

surface throughout the study period. While there is a stronger correlation between GEP and WTD 

in drier years (compared to wetter years, Figure 4-8), the degree of change in GEP is minor and 

plant function continued, indicating species are able to withstand periodic hydrologic stress. It is 

important to note that dry conditions in this study are only periodic, temporary perturbations, and 

while plant function is able to persist, at this time it is unclear how current fen species would 

respond to prolonged hydrologic stress.  

Additionally, drier conditions in 2017 result in higher R across all fen species (Figure 4-6). J. 

balticus plots exhibit higher R (Figure 4-5 and 4-6) and greater edaphic and atmospheric controls 

than other species (Figure 4-7) due to the drier (and thus warmer) near surface conditions. This 

differs from T. latifolia plots, which are nearly continuously inundated resulting in anoxic 

conditions and the lowest R rates across all years (Figure 4-5 and 4-6). Peatland R rates are strongly 

controlled by wet, edaphic conditions and substantial increases in R have been linked to amplified 
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microbial activity during oxic conditions caused by warming and drying (Li et al., 2021; Volik et 

al., 2021; Jassey et al., 2017; Gažović et al., 2013). Recently, Allingham et al. (2022) assessed 

microbial function across AOSR peatlands and found a strong relationship between edaphic 

conditions and microbial activity. Moreover, they found substrate-induced (i.e., heterotrophic) 

respiration was higher at NFW (this site) than at three nearby natural peatlands likely due to deeper 

WT position. Like other peatland studies (Pearson et al., 2015; Gazović et al., 2013; Cai et al., 

2010; Chivers et al., 2009; Riutta et al., 2007; Strack et al., 2006), the decrease in NEE during drier 

conditions observed in this study was more strongly driven by increased R rather than decreased 

plant productivity (Figure 4-6).  

While edaphic conditions are a significant driver of R rates, the physical structure of aboveground 

biomass also (indirectly) drives R as it affects edaphic conditions and feedbacks through the 

establishment of a barrier between the surface and atmosphere - intercepting light, reducing soil 

temperature and limiting surface evaporative losses (Weltzin et al., 2005; Facelli and Pickett, 

1991a). The thin, rod-type nature of J. balticus shoots and overall lower plant density in plots 

produced less litter seasonally (Figure 4-4), resulting in less sheltering and shading at the surface 

and in turn led to more rapid drying and warming at the surface (particularly during dry periods). 

Thus, the more prominent relationship between Tair and R at J. balticus dominated plots (Figure 

4-7) is likely a result of closer coupling of Tair and Tsoil as more light (and energy) reaches the 

surface. Contrastingly, C. aquatilis and T. latifolia both produced a large amount of biomass 

resulting in a thicker litter layer (Figure 4-4) and when coupled with the generally wetter plot 

conditions resulted in slower rates of drying and warming at the surface, ultimately supressing R 

to some degree. This is evident in 2017 R (Figure 4-6), where drier, warmer conditions result in 

consistently high R at J. balticus plots, while R rates at C. aquatilis plots were similar to wetter 
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years and only exhibited an increase in August once significant (and prolonged) drying had 

occurred. While surface modification via litter deposition can limit water and heat exchanges 

between the surface and atmosphere, it can also impede or delay early growing season processes 

by limiting resources such as light (Holdredge and Bertness, 2011; Facelli and Pickett, 1991a,b).  

Observed earlier green up of J. balticus compared to C. aquatilis plots (e.g. May, June GEP 2018; 

Figure 4-6) is likely due to new plant emergence requiring less energy and time to break through 

the thinner litter to the surface.  Moreover as J. balticus plots are typically drier with less surface 

sheltering than C. aquatilis and T. latifolia plots, soil temperature generally rise faster and the 

persistence of lingering winter conditions (e.g. ice lenses) in the early growing season (i.e. May) 

was reduced, further accelerating the timing of plant emergence as well as R (e.g. higher R in May 

2018, Figure 4-7).  

While surface conditions played a significant role in driving CO2 dynamics, the influence of 

atmospheric controls is also observed as light availability (i.e., PAR) and Tair directly influence 

plant function and are key moderators of photosynthesis rates (Korrensalo et al., 2017; Frolking et 

al., 1998; Figure 4-7). Notably, GEP rates are lower across all fen species in 2019 (Figure 4-6), a 

considerably wetter year than 2017 with ample water availability, as a result of lower light 

availability (Figure 4-2) due to recurrent overcast conditions (Nijp et al., 2015). Moreover, more 

frequent, smaller precipitation events coupled with lower PAR and cooler conditions results in less 

energy available for surface evaporation resulting in the persistence of wetter surface conditions 

and thus lower R (Figure 4-3B - August; Figure 4-6 - 2019) (Radu et al., 2018; Aurela et al., 2007; 

Waddington & Roulet, 2000; Griffis & Rouse, 2001).  

A comparison of CO2 fluxes between 2017 (dry and warm) and 2019 (wet and cool) captures the 

complexity of ecohydrological feedbacks as mean seasonal NEE values are similar (-9 and -13 g 
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CO2 m-2 day-1) despite experiencing contrasting hydrometeorological conditions and varying 

(abiotic and biotic) controls. In 2017, CO2 dynamics are largely driven by plant mediated controls 

(i.e, regulating water availability and losses) and positive abiotic feedbacks (i.e., increased drying 

à increased Tsoil à increased R) while in 2019 there is ample water available for plant function, 

but GEP is limited by atmospheric controls (i.e., lower PAR and Tair) resulting in negative abiotic 

feedbacks (cool wet conditions à less R, less energy available for surface ET à less surface 

drying and more stable moisture regime). This is also similar to other observations in peatlands 

where concurrent shifts in both GEP and R in response to wet or dry years results in little change 

to NEE (Sulman et al., 2010).  

Additionally, species physiology coupled with environmental controls accounted for some of the 

trends observed. Notably, T. latifolia plots are more productive and sequester more CO2 during a 

warmer, drier year (2017) than in wetter years (2018, 2019) due to abiotic controls, namely Tair 

and PAR (Sendall et al., 2015; Berry and Björkman 1980). T. latifolia plants are most 

(photosynthetically) efficient between 18 and 24°C (Gustafson, 1976) and require high light to 

function at optimal photosynthetic capacity, which is achieved through the morphology and 

density of its foliage (Ojanguren and Goulden, 2013). Hydrometeorologic conditions in 2017 are 

more favorable for T. latifolia (from a productivity perspective) than other (wetter) years as there 

is less rain and thus more consistent (high) PAR and Tair. Moreover, while both 2017 and 2018 

are warm years, there is less variability in 2017 and July 2017 Tair largely falls within the 

aforementioned optimal temperature range (Figure 4-2).  

While outside of the scope of this study, salinity is a concern for reclaimed systems in the AOSR 

due to the use of post-processed materials (e.g., tailing sand) during construction. Thus, the 

potential impact of salt-stress on plant function should be considered when interpreting results 
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presented here. Field and greenhouse experiments have explored salinity thresholds for plant 

function for the three species discussed here (Wang et al., 2022; Glaeser et al., 2021; Volik et al., 

2020; Vitt et al., 2021; Mollard et al., 2013; Koropchak and Vitt., 2013). A decrease in plant 

structure and photosynthetic function has been observed in C. aquatilis plants when rooting zone 

sodium (Na+) levels exceed 1500 mg L-1(Vitt et al. 2021; Glaeser et al., 2021). Similarly, Wang 

(2022) found J. balticus photosynthetic capacity decreased when Na+ concentrations exceed 2300 

mg L-1 and Koropchak and Vitt (2013) found T. latifolia plant health declined substantially 

between 300 and 600 mg L-1. At NFW average Na+ in water from the top 35 cm of the fen in 2019 

was 292 mg L-1 and reached up to 500 mg L-1 in some regions, particularly ponded areas where T. 

latifolia is dominant (Yang et al., 2022). Moreover, high rates of Na+ are found within leaf biomass 

of C. aquatilis and T. latifolia (exceeding 2000 mg kg-1) while less was present in J. balticus 

(unpublished data from NFW). Notably, C. aquatilis and T. latifolia plants did exhibit some degree 

of yellowing along leaf ends and earlier foliage senescence during the 2018 and 2019 growing 

seasons (field observations). Thus, photosynthesis inhibited by salt stress may further explain why 

J. balticus plots were more productive and sequestered more CO2 than C. aquatilis and T. latifolia 

at times (i.e., warm periods with ample water available, see 2018, Figure 4-6) as J. balticus is 

generally more salt-tolerant (Tang, 2022; Montemayor et al., 2008; Cooper, 1987). Further 

examination of the effects of salt accumulation in plant organs on plant function and 

photosynthetic capacity at reclaimed sites is currently being investigated.  

4.4.1.2 Upland 

Upland CO2 dynamics exhibit clear trends linked to tree type (Figure 4-5, Figure 4-6) as broadleaf 

species typically have higher photosynthetic capacity than coniferous species due to leaf 

morphology (Brümmer et al., 2012; Dang et al., 1997) and have been found to sequester up to two 
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times more CO2 than coniferous species (Arain et al., 2002; Popović et al., 2022). Furthermore, 

plant phenology and LAI dynamics are captured in the shape (i.e., variability) of seasonal GEP 

and NEE trends between tree types. Conifer species exhibit less seasonal variability (i.e., 

amplitude) compared to broadleaf species, which follows a more parabolic shape mirroring 

changes in LAI and growing season conditions (Figure 4-6; Amiro et al., 2006; Baldocchi et al., 

1997, 1996). Variability in seasonal trends between tree types is attributed to the amount and 

timing of leaf/needle chlorophyll content, which is coupled with LAI. While coniferous species 

reach a chlorophyll and LAI maximum early (May, June, ~25 µg cm−2) and exhibit minimal change 

throughout the growing season compared to broadleaf species, which experience variable LAI 

throughout the season (i.e., budding, foliation and senescence) and typically reach peak 

chlorophyll content in July (>30 µg cm-2) compared to lower rates during the shoulder season (~ 

8 µg cm-2; Middleton et al.,1997).   

Upland fluxes responded more strongly to edaphic controls than the fen (Figure 4-7 and 4-8) due 

to drier conditions, open canopy and the discontinuous nature of the understory (see Figure 4-1), 

resulting in greater coupling between the surface and atmosphere and often a rapid edaphic 

response to changing meteorological conditions. This differs from mature forests where the 

understory and/or canopy are better established, providing some degree of sheltering and shading 

of the surface, dampening moisture loss and R (Hart and Chen, 2006). Moreover, edaphic controls 

at NFW are likely influenced by tree root morphology. Apart from P. banksiana, upland species 

at NFW are dominated by adventitious, laterally spreading, near-surface rooting architectures.  P. 

tremuloides and P. balsamifera roots are clonal and can extend between 2 to 7 m laterally, while 

rarely exceeding 0.5 m depth during early growth, although over time tap and sinker roots may 

extend to >1 m depth (Adonsou et al., 2016; Strong and La Roi, 1983). P. mariana roots have been 
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observed to lateral extend up to 3 m and to a maximum depth of 0.30 m, albeit much of the rooting 

system is often located within the top 0.15 m (Walker et al., 2018; Strong and La Roi, 1983). P. 

banksiana exhibit some horizontal roots but tend to have more abundant vertical rooting structures 

(compared to the other species; Stamatinos, 2019, Rudolph and Laidley, 1990). Moreover, Strong 

and La Roi (1983) found a significant increase in rooting depth with age in P. banksiana trees 

from 0.3 m (age 3) to 1.1 m (age 9) and >2 m in mature trees (> 30 years). Thus, at NFW, at the 

time of this study, WT is not a significant control between years or species (Figure 4-7 and 4-8) 

likely due to the deep WT position (> 2 m) and near-surface rooting morphology. However, as 

trees continue to mature, sinker and tap roots of some species (e.g., P. banksiana) may extend deep 

enough to access deeper water stores, particularly during periods of surface drying and thus 

increase WT influence.   

Although WTD did not significantly explain variation in upland CO2 dynamics, soil moisture and 

soil temperature are key drivers (Figure 4-7 and 4-8), due to plant function being largely dependent 

on rooting zone water availability as a result of near-surface rooting architecture. Thus, it is worth 

noting that while only manual measurements of the top 5 cm are presented here (Figure 4-3), VWC 

measured at 15 and 30 cm below ground surface (i.e., within the rooting zone) ranged between 20-

40% during the study period (Chapter 2) and likely provided water for plant function even during 

times of periodic surface (5cm) drying. However, a decrease in GEP was observed across all 

species in August 2018, likely the result of both drier edaphic and warm/dry atmospheric 

conditions as well as the early stages of senescence in broadleaf species. Persistent, or even 

increased carbon uptake in boreal forests under warming climate conditions has been strongly 

linked to (soil) water availability (Bonan 2008; Griffis et al., 2003; Arian et al., 2002). Moreover, 

the influence of soil moisture on GEP and NEE varies across boreal forest sites due to site-specific 
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heterogeneity (i.e., stand age and composition, soil characteristics), with broadleaf species 

exhibiting greater sensitivity to drier edaphic conditions due to high water needs compared to 

conifers, which can tolerate a wider range of moisture conditions during development (Arnup et 

al., 1988). At a mature P. tremuloides stand, GEP was able to persist during the first drought 

affected season as soil-moisture remained high within the lower regions of the rooting zone (up to 

60 cm depth) but then declined by 13 and 15% following persistent drought conditions; however, 

GEP remained similar at mature P. mariana and P. banksiana stands during the same drought 

conditions even with changes in soil moisture (Krishnan et al., 2006; Kljun et al., 2007). The 

difference between tree types and clear decrease in P. tremuloides GEP was linked to lower 

broadleaf LAI driven by reduced water availability (Kljun et al., 2007; Barr et al., 2004) indicating 

feedbacks between soil, water and plant processes. Similarly, CO2 uptake is found to be 

independent of soil moisture, despite experiencing a wide range of (wet and dry) conditions at a 

mature P. banksiana stand likely due to a well-established, deep-reaching rooting system able to 

access water at depth (Baldocchi et al., 1997; Reich et al., 2018; Petrone et al., 2015; Amiro et al., 

2010). However, mature stands are typically less sensitive to drier conditions due to better 

established rooting systems, understory coverage and overall tree size (and LAI). Moreover, 

limited soil moisture or prolonged drought conditions during the juvenile phase can stunt the 

development of critical above and belowground plant organs further propagating lower CO2 uptake 

and decreasing the ability to withstand periodic moisture stress. Petrone et al. (2015) observed a 

stunted response in stand height/growth (and thus GEP) during drought years compared to years 

with wetter soil moisture regimes. Moreover, in a recent experiment Reich et al. (2018) found soil 

moisture significantly affected the photosynthetic capacity of 11 juvenile (aged 3-5) boreal species 

with P. tremuloides exhibiting greater GEP sensitivity to lower VWC than P. banksiana. We 



 

 139 

observe a similar response with a greater decrease in GEP at broadleaf compared to conifer plots 

during warm and dry conditions (Figure 4-6 August GEP). These results point to the importance 

of establishing adequate soil evolution and moisture regimes during construction in order to ensure 

successful ecosystem evolution, growth and function. Understory CO2 dynamics are less 

influenced by atmospheric controls (Figure 4-7) likely due to the lower stature of the understory 

and periodic shading from surrounding trees.  

R is strongly controlled by Tsoil and VWC (Figure 4-7 and 4-8). A decrease in R is observed in 

measurements taken days following the intense rainfall of July 2018, which results in wetter and 

cooler conditions. Moreover, the slightly lower R measured in 2019 across all species is attributed 

to more frequent rain events, resulting in wetter conditions (Figure 4-3, July-August 2019) and 

reduced soil microbial activity (Mkhabela et al., 2009; Khomik et al., 2006, Griffis et al., 2003). 

However, other boreal studies have exhibited a contrasting response (i.e., decrease in respiration 

with increasing soil temperature or dryness; Allison and Treseder, 2008; Bronson et al., 2008; 

Krishnan et al., 2006) due to (root or microbial) acclimation to persistent dry conditions, soil 

temperature exceeding the threshold for microbial activity or other edaphic limitations (i.e., 

nutrient availability).  

Soil-plant-atmosphere feedbacks are also observed. Notably, there was greater atmospheric 

influence on R at P. banksiana and P. mariana plots than at broadleaf plots likely due to less 

surface coverage (i.e., thinner litter layer) and less surface shading (needles versus broad leaves) 

resulting in more incoming radiation reaching the surface and stronger coupling between 

atmospheric and edaphic conditions (Warmer Tair and more incoming radiation reaching the 

surface à greater warming/drying at the surface à increased R). Root morphology and plant (i.e., 

litter) composition also contribute to R in the upland. When paired with dry edaphic conditions, 
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near-surface rooting architecture can result in high amounts of autotrophic (root) respiration, 

particularly during recovery following disturbance, where it can comprise more than 35% of total 

R (Amiro, 2001; Striegl and Wickland 1998). High R rates have been found to offset GEP in 

juvenile or recovering forest ecosystems, resulting in a net source of CO2 during the initial ~10 

years of recovery (Watts et al., 2021; Amiro et al., 2006; Amiro 2001). Moreover, despite a slightly 

thicker litter layer and greater shading due to tree size and LAI (i.e., less direct surface warming) 

greater R rates are observed at broadleaf plots (Figure 4-5 and 4-6), likely linked to variability in 

litter composition and quality between broadleaf and coniferous species. Deciduous leaves are 

more labile and decay faster than coniferous needles (Preston et al., 2000) resulting in greater 

microbial activity via decay and soil respiration. Similar to results presented here, respiration rates 

have been observed to be two to three times higher in broadleaf compared to coniferous species in 

juvenile (Tjoelker et al. (2008) and mature (Griffis et al., 2003) stands. Moreover, Jílková (2020) 

observed litter composition was at times a stronger driver of forest respiration rates than soil 

temperature. The upland experiences greater coupling between atmospheric and edaphic 

conditions and plant function due to lower water availability, compared to the fen, and sparse 

surface coverage. Thus, atmospheric controls largely explain the variability in CO2 fluxes between 

years, where similar to the fen, GEP was higher during a warm year punctuated by a few larger 

rain events (2018) compared to a wetter, cooler year with reduced incoming radiation (2019; 

Figure 4-6).  

4.4.2 Comparison to early reclamation at NFW 

Plot-scale CO2 fluxes of NFW-fen were measured in years initially following construction and 

planting (2013 to 2015; Nwaishi et al., 2016).  Plots were initially labelled based on planting 

prescriptions (control (unvegetated), moss, seedling, mulched and unmulched, open water). 
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However, by the time of this current study, initial naming conventions are no longer applicable as 

the above-described plant community has emerged. There has been a marked improvement at 

control (unvegetated) plots, from CO2 loss (1-2 g CO2 m-2 day-1) in 2013 (Nwaishi et al., 2016) to 

net CO2 uptake (interseasonal mean of -11 g CO2 m-2 day-1) following the development of 

vegetation at these plots. Moreover, an increase in mean seasonal GEP (from -23 to -32 g CO2 m-

2 day-1) and R (from 11 to 19 g CO2 m-2 day-1) is observed since year two post-construction (2014; 

Nwaishi et al., 2016). Changes in CO2 dynamics are attributed to higher LAI and widespread plant 

coverage (Nugent et al., 2018; Goud et al., 2017;  Humphreys et al., 2006, Petrone et al., 2003). 

Corresponding with biophysical changes at the surface, an increase in mean near surface soil 

moisture from 73-79% in 2014 (Nwaishi et al., 2016) to 78-87% is observed during this study.  

Species-specific, plot-scale CO2 dynamics were not previously measured in the NFW-upland. 

However, a comparison to eddy covariance CO2 measurements during the initial years (2013 – 

2015; Chapter 2) following construction provides some context of ecosystem evolution and change 

over time. A substantial shift in CO2 dynamics is observed as the upland evolved from a barren 

landscape to extensive plant coverage.  During early years, the upland emitted 15 g CO2 m-2 day-1 

(interseasonal mean NEE 2013 – 2015; Chapter 2) due to high R (interseasonal mean of 18 g CO2 

m-2 day-1; Chapter 2) and limited GEP (interseasonal mean GEP of  3 g CO2 m-2 day-1; Chapter 2) 

compared to this current study, where the presence of vegetation results in increased GEP (54 g 

CO2 m-2 day-1) and CO2 sequestration (NEE of -25 g CO2 m-2 day-1).  

4.4.3 Comparison to natural and post-disturbance boreal landscapes in the region 

The ever-growing database of multiyear, multi-site studies captures the heterogeneity of boreal 

ecosystems due to varied edaphic conditions, plant communities (e.g., moss- versus sedge-

dominated, treed versus open, mixed forest versus coniferous), growing season conditions (e.g. 
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incoming radiation based on latitude) and regional hydroclimatology. As such, comparison of CO2 

dynamics between studies even of the same landscape type (e.g., fens) can yield variable results. 

Natural, post-disturbance landscapes (e.g., post-fire or harvest) offer a comparable trajectory of 

ecosystem function during the initial stages of recovery. Moreover, post-disturbance, early 

successional plant communities (e.g., rapidly-establishing vascular species or juvenile trees) tend 

to mirror the current plant community at NFW more closely than mature, natural or undisturbed 

sites. Thus, to provide context to the results of this study, the discussion here is focused on natural 

and post-disturbance landscapes with similar plant communities (e.g., vascular species, sedge-

dominated), age and/or hydroclimatological conditions to the AOSR.  

NFW-fen mean seasonal NEE rates range between -9 to -18 g CO2 m-2 day-1 and are within the 

wide range of values observed at a nearby, saline, sedge-dominated fen (-5 to -60 g CO2 m-2 day-

1; Volik et al., 2021). NFW-fen exhibited greater GEP rates than some natural boreal fens (GEP of 

-9 to -15 g CO2 m-2 day-1 Cai et al., 2010; Humphreys et al., 2006). Higher GEP rates at NFW-fen 

(interseasonal mean of -32 g CO2 m-2 day-1) are attributed to differences in plant community 

composition, where NFW-fen is dominated by sedges while the other landscapes have a mixed 

community of mosses, sedges and shrubs. NFW-fen CO2 dynamics are similar to those measured 

in year three and four of a restored cutover peatland, particularly in plots with greater vascular 

plant coverage (Strack et al., 2014). To date, only two pilot fens have been constructed in the 

AOSR (this study (NFW) and Sandhill Fen (Ketcheson et al., 2016)). Slightly lower CO2 uptake 

was reported by Clark et al. (2019) at Sandhill Fen (NEE -5 to -8 g CO2 m-2 day-1) compared to 

those provided here, although this is likely due to differences in site age as the Sandhill study 

reported only the initial 3 years following construction (versus years 5-7 in this study) as well as 
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measurement techniques (Eddy covariance versus chambers). It is hypothesized that Sandhill fen 

will demonstrate a similar increase in CO2 uptake as the ecosystem continues to evolve.  

The juvenile nature of trees in the NFW-upland provide a novel opportunity to measure individual, 

whole tree CO2 dynamics.  However, there are few chamber-based, studies of boreal forest species 

(Gaumount et al., 2006; Medhurst et al., 2006; Lavign et al., 1997), none of which examined 

juvenile or recovering stands. Most boreal forest studies are measured at the stand scale via eddy 

covairnce methods and report carbon dynamics in g C m-2. As such, in this section we’ve converted 

our chamber measured values from g CO2  m-2 day-1 to g C m-2 (Table 4-3). However, with 

upscaling comes a degree of error, and values presented in Table 4-3 are likely an over-estimate 

of net CO2 uptake as they only encompass day-time measurements (versus full day measurements 

via eddy covariance). Moreover, at the time of this study, NFW-Upland trees ranged between four 

to seven years old. As mature stand dynamics often vary from juvenile stands due to size and 

abundance of above and belowground components, degree of understory development and canopy 

closure (Goulden et al., 2011) the discussion here is largely focused on post-disturbance, 

recovering uplands.  

 

 

Table 4-3: Mean CO2 fluxes for NWF-Upland converted from g CO2  m-2 day-1 to g C m-2. Here 
we used 120 days as it represents the average length of the growing season in boreal forest studies. 
To normalize data between plant communities, fluxes were subsequently divided by mean LAI of 
each tree type.  

 NEE (g C m-2) GEP (g C m-2) R (g C m-2) 

Upland 419 838 435 

Broadleaf species 474 1092 618 

Coniferous species 314 726 412 

Understory 109 619 474 
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 Post-disturbance forests are typically a CO2 source during the initial 1-5 years (Petrone et 

al., 2015; Goulden et al., 2011; Amiro et al., 2006) due to the slower initial growth and expansion 

of tree species and NEE being dominated by R. This is followed by a significant increase in CO2 

uptake and productivity as LAI increases during the initial 10-15 years following reclamation 

(Clark et al., 2022; Straker et al., 2019; Strilesky et al., 2017) or disturbance (i.e., post-harvest 

Petrone et al., 2015, Coursolle et al., 2012; post-fire Mkhabela et al., 2009, Amiro et al., 2006). 

Due to site heterogeneity, environmental conditions and the variable timing of tree and understory 

development, recovering (5-15 year old) western boreal forests exhibit a wide range in CO2 

dynamics. GEP of reclaimed uplands during the first 15 years post-construction range from 200 – 

1400 g C m-2 (Clark et al., 2022; Straker et al. 2019; Strilesky et al., 2017) compared to a narrower 

range (500 – 1000 g C m-2) for similarly aged recovering (post-fire and harvest) uplands (Petrone 

et al., 2015; Coursolle et al., 2012; Mkhabela et al., 2009; Amiro et al., 2006). NFW-upland values 

measured in this study fall within these ranges.  However, NFW-upland R values differ from other 

natural and reclaimed sites. R was higher at post-harvest sites (>700 g C m-2; Vestin et al., 2020; 

Petrone et al., 2015; Coursolle et al., 2012) compared to NFW-upland (400-600 g C m-2; Table 2) 

likely due to the intact nature of the soil profile and plant remnants resulting in a higher degree of 

organic matter and microbial activity at post-harvest sites. Contrastingly, NFW-upland R is greater 

than that reported by Clark et al. (2022) for 5-9 year old broadleaf (300-500 g C m-2) and conifer 

(<300 g C m-2) reclaimed stands despite having less organic matter content, likely due to 

differences in biophysical/edaphic conditions between sites with NFW-upland exhibiting a greater 

degree of exposed bare ground and less understory development along with drier conditions 

resulting in greater R. This variability between recovering upland sites further points to the 
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complexity of ecohydrological feedbacks and the role/control of vegetation and biophysical 

conditions on CO2 fluxes.  

4.4.4  Implications for AOSR reclamation 

This study highlights the importance of biodiversity in reclaimed landscapes as species have 

varying responses to (changing) environmental conditions. Results from this study are upon initial 

examination surprising, with J. balticus plots exhibiting higher GEP and more CO2 sequestration 

than C. aquatilis and T. latifolia, two typically highly productive species. However, a closer 

examination of environmental conditions and controls showed that at times, conditions were more 

favorable for J. balticus as these plots displayed a greater threshold for drier or fluctuating edaphic 

conditions. Similar to results presented here, Volik et al. (2021) observe greater CO2 uptake by J. 

balticus under drier or more saline conditions providing further insight into species-specific 

thresholds and their applicability in reclaimed AOSR landscapes. In a greenhouse monolith study, 

Ström et al. (2005) similarly observed greater GEP and NEE rates at Juncus effecus plots than 

Carex rostrata during drier conditions. Contrastingly, in a study examining CO2 dynamics of a 

restored peatland, Wilson et al. (2007) found T. latifolia and Carex rostrata had higher GEP and 

NEE than Juncus effecus plots due to wetter edaphic conditions. Thus, variability across sites with 

similar plant communities highlights the complex relationship between biotic and abiotic 

environmental factors driving carbon exchanges. This information is valuable for planning 

appropriate planting prescriptions for reclamation under current and potential future 

hydroclimactic conditions. Moreover, an examination of species-specific trends provides valuable 

insight into understanding ecosystem-scale CO2 trends observed via eddy covariance 

measurements. Popović et al. (2022) capture ecosystem scale carbon fluxes of the study area and 

as of 2019, the upland was still a minor source of carbon, on trajectory to becoming a sink in the 
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near future. This is largely attributed to the proportions of understory to trees. As observed in this 

current study,  tree species sequester large amounts of CO2, however, the dry edaphic conditions 

and discontinuous nature of the understory led to R exceeding GEP. Results here suggest the 

important physical role litter and plant cover have on controlling and mediating light, temperature 

and water at the surface and by extension important ecohydrological feedbacks pertaining to CO2 

exchanges. Moreover, Chi et al (2021) found GEP was similar across same-aged forested sites and 

that the greater driver of NEE variability across sites was R and forest floor dynamics. Studies by 

Dhar et al. (2022) and Brown and Naeth (2013) examined the effects of adding woody debris to 

AOSR reclamation cover soils and found an improvement to soil moisture and temperature trends 

particularly in forest-mineral mix cover soils further supporting our recommendations. Moreover, 

the rapid improvement in CO2 sequestration at South Bison Hill (a nearby reclaimed upland) was 

largely attributed to the early establishment of a robust understory immediately following 

construction (Strilesky et al., 2017). Thus, future reclamation projects in the region would benefit 

from the addition of straw mulching and/or woody debris to the upland surface or amendments to 

soil quality or understory planting to help provide sheltering, decrease surface warming and 

decrease respiration losses while improving net CO2 uptake.   

4.5  Conclusions 

This study examined community-scale CO2 fluxes of a constructed upland-fen complex following 

plant establishment using the chamber method. Drivers of CO2 fluxes varied between the two 

landscapes, as well as between species within a landscape and were largely regulated by 

environmental conditions. CO2 fluxes in this study were similar to natural or recovering Boreal 

landscapes in the region. But perhaps more importantly, the constructed landscape exhibited 

similar dynamics, controls and ecophysiological responses to fluctuating environmental conditions 
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as those observed in natural landscapes, namely the ability to maintain function (i.e., carbon 

uptake) during periods of periodic hydrologic stress. Results from this study provide insights into 

the ecohydrological functioning of common boreal species in reclaimed systems once vascular 

vegetation becomes well-established. Pairing these results with ecosystem-scale measurements 

(e.g. EC monitoring) can aid in the design of future reclamation endeavours.  More broadly, results 

from this study add to the knowledge base of species-specific function and thresholds under 

variable environmental conditions such as wetter versus drier seasons, information useful in the 

planning of planting prescriptions for reclamation under a changing climate.  
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Chapter 5:  Evapotranspiration dynamics during the ecosystem 

development of a constructed upland-fen watershed 

5.1 Introduction 

Large-scale resource extraction in the Athabasca Oilsands Region (AOSR) has resulted in ~1055 

km2 of disturbed boreal landscapes (Alberta Environment and Parks, 2020).  Located within the 

Boreal Plains ecozone, the pre-disturbance landscape is characterized by hydrologically connected 

boreal forests, fen peatlands and lakes that provide critical ecosystem services including regulation 

of the regional hydrological regime and carbon sequestration and storage (Strack et al., 2022; 

Helbig et al., 2020; McLaughlin and Cohen, 2013). In recognition of the importance of boreal 

ecosystems to regional ecohydrological processes, reclamation of these impacted landscapes to 

pre-disturbance equivalent land capacity is mandatory under the Alberta Environmental Protection 

and Enhancement Act (EPEA; Province of Alberta, 2021). Reclamation targets have been broadly 

defined to entail the creation of functional, self-sustaining ecosystems that are resilient to periodic 

environmental stress (Alberta Environment and Sustainable Resource Development, 2013). 

Ecosystem function and performance can be defined through numerous metrics (e.g., water use 

efficiency, carbon sink capacity, diverse plant communities) which are inherently driven by 

available water (Asbjornsen et al., 2011; D’Odorico et al., 2010; Rodriguez-Iturbe, 2000). Water 

availability is largely controlled by the storage capacity of soils, vegetation and hydroclimatology 

(Rodriguez-Iturbe et al., 2004). Thus, system design must first adequately satisfy water needs to 

ensure successful evolution, performance and longevity of reclamation endeavors. Creation and 

maintenance of such conditions in the AOSR is complex as the climate is sub-humid and the region 

experiences frequent moisture deficits and decadal wet/dry cycles (Chasmer et al., 2018; Devito 

et al., 2017; Bothe and Abraham 1993). Here, evapotranspiration (ET) is the dominant 
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hydrological flux in the regional water balance (Petrone et al., 2007; Devito et al., 2005), thus an 

understanding of the mechanisms by which (constructed) landscapes and specific native species 

retain and exchange water with the atmosphere is necessary for creating informed decisions on 

planting prescriptions and site design. ET is driven by available energy, (soil) water availability, 

atmospheric vapour pressure deficit and turbulence (Helbig et al., 2020). Many of the 

aforementioned drivers are strongly influenced by biophysical surface properties as they control 

the exchange of energy and water between the surface and atmosphere (e.g., surface albedo 

affecting energy partitioning; plant cover affecting surface roughness and soil moisture; Balandier 

et al., 2022; Lafleur and Rouse, 1988). Unlike natural or other post-disturbance landscapes (e.g., 

fire, harvest) where some remnants of pre-disturbance features remain (e.g., plant cover, rooting 

architecture, soil structure, established hydrology), constructed systems undergo an initial, bare-

ground phase followed by the planting, emergence and succession of plant communities before 

becoming robust ecosystems. Understanding the dominant controls on hydrological fluxes during 

the different successional phases can help ensure successful ecosystem evolution from one phase 

to the next. For example, it is critical that during initial post-construction bare ground conditions, 

cover soils store and provide adequate water to help initiate and sustain plant growth while 

withstanding the region’s high evaporative demand.       

Previous studies have examined the ET dynamics of natural (Liu et al., 2022; Green et al., 

2021; Volik et al., 2020a, b; Phillips et al., 2016; Thompson et al., 2015; Brown et al., 2014; Brown 

et al., 2010; Petrone et al., 2007; Humphreys et al., 2006) and recovering (Morison et al., 2021; 

Nelson et al., 2021; Petrone et al., 2015; Thompson et al., 2014; Mkhabela et al., 2009; Amiro et 

al., 2006) boreal ecosystems in the Boreal Plains improving our understanding of environmental 

drivers. These studies emphasize the interconnectivity between soil-water-plant-atmospheric 
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processes and delineate water availability, plant community composition and age, and climate to 

be key factors influencing ET in the region. Notably, many of these studies express the potential 

sensitivity to drought under changing climatic conditions (Thompson et al., 2017).  In the AOSR, 

initial reclamation efforts have been largely focused on recreating upland landscapes with only a 

recent shift to attempt to incorporate peatlands (Daly et al., 2012) to mitigate potential water 

deficits. To date only two pilot-scale upland-peatland complexes have been constructed (Sandhill 

Fen Watershed and Nikanotee Fen Watershed). As reclamation in the region is still a relatively 

new endeavour, only a handful of water flux studies have been conducted at constructed sites 

(Clark et al., 2022; Fettah et al., 2022; Biagi et al., 2021; Scarlett and Price, 2019; Ketcheson et 

al., 2017; Scarlett et al., 2017; Strilesky et al., 2017; Nicholls et al., 2016), many which encompass 

only the initial phase post-construction (<3 years). Only recently has sufficient time passed and 

data been collected to evaluate moisture exchanges during further stages of ecosystem evolution. 

Moreover, most long-term boreal studies of water fluxes are measured at the stand to ecosystem-

scale via the eddy covariance technique (Helbig et al., 2020; Volik et al., 2020; Straker et al., 2019; 

Mkhabela et al., 2009; Amiro et al., 2006). Less work has been conducted at the 

community/species scale on vascular vegetation (Scarlett and Price, 2019; Scarlett et al., 2017; 

Phillips et al., 2016), particularly of upland tree species (Fettah et al., 2022). Previous studies have 

highlighted the heterogeneity of boreal landscape plant communities and the influence species 

variability within a site can have on surface-atmosphere moisture exchanges (Volik et al., 2020; 

Brown et al., 2010; Coursolle et al., 2006; Barr et al., 2001). Additionally, it is well recognized 

that species biodiversity greatly improves an ecosystem’s ability to withstand changing 

environmental conditions (Anderegg et al., 2018). Thus, evaluating species-specific responses to 
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variable environmental conditions in a constructed setting provides valuable insight for future 

planting and planning.  

In this study a multi-scale approach (ecosystem and community) was applied to capture water 

fluxes at the constructed Nikanotee Fen Watershed (NFW). The aim of this study is to (i.) examine 

ecosystem-scale fen and upland growing-season ET dynamics during the initial seven years (2013 

– 2019) following construction; (ii.) quantify community-scale ET of the dominant vascular 

vegetation in each landscape; and (iii.) determine environmental controls on ET fluxes and whether 

these controls varied among species in the fen and upland respectively.  

5.2 Methods 

5.2.1  Study Site 

Nikanotee Fen Watershed (NFW; Figure 5-1), is a constructed landscape consisting of an upland 

(7.7 ha) and fen peatland (2.9 ha) created to assess the viability of (fen) reclamation endeavours in 

the AOSR. Construction of NFW was completed in January 2013 in a formerly surface-mined 

section within an oil sands lease approximately 30 km north of Fort McMurray, Alberta (56°55′59” 

N, 111°25′00” W). The design of NFW emulates the natural, undisturbed landscapes of the 

Western Boreal Plains, where uplands steadily supply groundwater to downgradient peatlands 

(Price et al., 2010). This hydrological connectivity is assumed to be a key mechanism for continued 

peatland functionality in the frequently moisture-limited regional climate (Devito et al., 2012). 

Additionally, from a reclamation design perspective, it provides a means for self-sufficient 

hydrological function allowing for self-design, and without engineering interventions (e.g., 

pumping, periodic drainage). Detailed descriptions of site design and construction were previously 

reported (Popović et al., 2022; Sutton and Price., 2020; Ketcheson et al., 2016; Daly et al., 2012). 
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The design follows recommendations based on a modelling exercise that tested the response of 

various configurations using locally available materials and historical climate (Price et al., 2010). 

Briefly, the upland consists of a 3 m thick coarse tailings sand aquifer placed at a 3% basal slope, 

overlain by a 20-50 cm thick cover soil composed of salvaged forest soil (sandy loam to loam). 

Planting prescriptions in the upland consisted of native species common to WBP uplands including 

black spruce (Picea mariana), jack pine (Pinus bankstana), balsam poplar (Populus balsamifera); 

Labrador tea (Ledum groenladicum) and bunch berry (Cornus stolonifera). The fen consists of 2 

m thick layer of salvaged, donor peat and has had permanent standing water (“ponds”) since 

following construction in 2013. The fen was vegetated using an factorial design described in detail 

by Borkenhagen and Cooper (2019). Planting prescriptions incorporated both freshwater and 

saline sedge and graminoid species (Carex aquatilis (water sedge), Juncus balticus (wire rush), 

Triglochin maritima (seaside arrow grass)), as well as brown moss species harvested from a local 

rich fen via the moss transfer method (Rochefort et al., 2003). In 2014, invasive Typha latifolia 

infilled many of the ponded regions.  

5.2.2 Study Design  

This study combines both ecosystem- and community-scale measurements. Ecosystem-scale, eddy 

covariance measurements were conducted during the snow-free growing season (May – 

September, DoY 135-255) during the first seven years post-construction (2013 – 2019). 

Community-scale, chamber-based measurements were conducted from 2017 – 2019 in the fen and 

2018 – 2019 in the upland. Whole plant chamber measurements were taken weekly at each flux 

location (hereafter referred to as a plot) during the growing season (May – August). Each plot 

contained a dominant species (Table 5-1). In the fen, a total of 32 plots were measured each week 

(Table 5-1). Due to its size, heterogeneity and to adequately capture trends, the upland was divided 
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into nine quadrants (Figure 5-1A) and within each quadrant one plot of each dominant species was 

measured (Table 5-1) for a total of 45 upland plots. Latin species names are used in this manuscript; 

however, colloquial or shorthand versions (e.g., Carex (Ca) or Aspen (As)) are used in figures to 

simplify legends and axis labels. 

 

 

Table 5-1: Landscape specific whole plant chamber measurement specifications and sampling 
design, Nikanotee Fen Watershed, Fort McMurray, Alberta, Canada. 

 Chamber 
measurements 

per season 

Dominant  
Species 

Number 
of Plots 

Chamber 
Dimensions 

(cm) 

Chamber 
Type 

 

Tube 
Length (cm) 

Fen 378 (2017) 
272 (2018) 
261 (2019) 

Carex aquatilis 
Juncus balticus 
Typha latifolia 
Mixed 
 
Total 

12 
7 
6 
7 
 

32 

60 x 60 x 60 
60 x 60 x 60 
50 x 50 x 40 
60 x 60 x 60 

single 
single 
stacked (x3) 
single 
 

75 
75 
200 
75 

Upland 264 (2018) 
289 (2019) 

Populus tremuloides 
Populus balsamifera 
Picea mariana, 
Pinus banksiana 
Understory 
 
Total 

9 
9 
9 
9 
9 
 

45 

50 x 50 x 40 
50 x 50 x 40 
50 x 50 x 40 
50 x 50 x 40 
50 x 50 x 40 

 

stacked (x4) 
stacked (x4) 
stacked (x3) 
stacked (x4) 
single 

200 
200 
200 
200 
75 
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Figure 5-1: A) Map 
depicting the 
Nikanotee Fen 
Watershed (NFW) fen 
and upland landscapes 
and the location of 
instrumentation 
(towers and soil pits) 
as well as chamber flux 
plot locations;  B) 
Field photographs 
depicting the fen (top 
row) and upland 
(bottom row) and the 
whole-plant, single and 
stacked chamber flux 
technique; C) 
Landscape-scale field 
photographs of 
biophysical surface 
characteristics in 2014 
(year 2) compared to 
2018 (year 6); D) 
Satelitte imagery of 
NFW capturing 
ecosystem evolution 
from 2013 – 2019; E) 
Summary of surface 
biophysical conditions 
for each year, based on 
the results of land 
cover spectral analysis, 
adapted from Popović 
et al. (2023) 
.  
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5.2.3  Environmental Conditions 

Water table depth (WTD) measurements were collected via the site’s extensive hydrometric 

network that was installed at the time of construction using a combination of both manual and 

automatic (HOBO MX2001-S; Onset: Massachusetts, USA) measurement techniques (Ketcheson 

et al., 2017). Wells were installed at depths of 1.5 m (fen) and 3 m (upland).  Volumetric water 

content (VWC) of the rooting zone (up to 50 cm below ground surface) was measured in soil 

moisture pits spanning a north-south transect across the site (three in upland, one in fen; Figure 5-

1). Pits were instrumented with dielectric impedance reflectometry soil moisture probes (Hydra 

Probe II; Stevens Water Monitoring Systems, Portland, USA) at each 5, 15, 30 and 45 cm depths 

and recorded dielectric permittivity at one-minute intervals, which were subsequently converted 

to daily averages. All measurements were temperature and salinity corrected and converted to 

VWC based on a calibration specific to substrate material (organic vs mineral soil) as outlined in 

Seyfried et al. (2005). Soil temperature was measured at meteorological towers using 

thermocouples (Type k thermocouple (2013–2018), CS-109 soil temperature probes (2019)) at 

5 cm depth. 

Water table position and edaphic conditions were measured adjacent to chamber plots (as 

to not distort measurements) to capture environmental conditions at the time of flux measurement. 

Near surface (5 cm) soil moisture (VWC) and soil temperature (Tsoil) were manually measured 

using a WET-2 Sensor/HH moisture meter (Delta-T Ltd: Cambridge, United Kingdom) and 

calibrated for each soil type (organic vs mineral soil).  

Evolution of surface biophysical conditions (plant emergence and development) at NFW 

during the study period have been previously reported (Chapter 2, Chapter 3)) using a range of 

techniques including remote sensing (enhanced vegetation index, land use land cover change) and 
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extensive plot-scale measurements (leaf area index and vegetation surveys). Results from the these 

studies are summarized in Table 5-2 and 5-3 and Figure 5-1 C-E and included in this current study 

to provide context to ET results. 

5.2.4  Ecosystem-scale measurements:  Micrometerology and evapotranspiration   

Both the fen and upland were configured with identical instrumentation including a meterological 

station with an eddy covariance (EC) system.  Meteorological stations were configued to measure  

air temperature (Tair, oC) and relative humidity (rH, %) using a Rotronic HC2S3 (Campbell 

Scientific, Logan, Utah, USA) and net radiation (Q*, Wm-2) using a CNR4 (Kipp Zonen, Delft, 

Netherlands). Precipitation (P, mm) was measured with a tipping bucket rain gauge (Texas 

Instruments TR-525M) placed within a clearing near each tower to avoid tower interference. 

Vapour pressure deficit (VPD, kPa) was calculated via saturated vapor pressure (es) and actual 

vapor pressure (as outlined in Howell and Dusek, 1995).  Photosynthetically active radiation (PAR, 

µmol m−2 s−1) was derived from measured incoming shortwave radiation (CNR4 (Kipp Zonen; 

Delft, Netherlands) using a numerical coefficient (Britton and Dodd, 1976) and the 

LakeMetabolizer package in RStudio (Winslow et al., 2016; R Core Studio, 2021). Ground heat 

flux (QG, Wm-2) was calculated using ground heat flux probes (HFT3; Campbell Scientific: Logan, 

Utah, USA) inserted horizontally at depths of 5 cm below the ground surface, several meters apart. 

All data were sampled at 1-minute intervals and averaged every 30-min on a CR1000 datalogger 

(Campbell Scientific: Logan, Utah, USA).  Eddy covariance (EC) systems consisted of a closed 

path CO2/H2O gas analyzer (LI-7200: LI-COR, Lincoln, Nebraska, USA) and 3D sonic 

anemometer (Windmaster P ro: Gill Instruments, Lymington, Hampshire, UK) from 2013-2014, 

and an open path CO2/H2O gas analyzer (LI-7500: LI-COR, Lincoln, Nebraska, USA)  with a 3D 

sonic anemometer (CSAT3 3D: Campbell Scientific, Logan, Utah, USA) from 2015-2019. 
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Detailed descriptions of tower and sensor set ups and data post procesing are described in Popović 

et al., 2022 and 2023. 

Potential evapotranspiration (PET) was estimated using meteorological data and the 

Penman-Monteith equation (Allen et al., 1998; Monteith, 1965; Penman, 1948, Equation 1), 

𝑃𝐸𝑇=> =	
:(7∗$7')';#((

(.,/.#)
1#

?:'@		A2'	1,1#
BCl

     (5-1) 

where D is the slope of the vapour pressure-temperature curve, g is the psychrometric constant, 𝜌1 

is the density of air, 𝐶D is the specific heat of dry air, l is the latent heat of vaporization. 

Aerodynamic (ra) and surface (rs) resistances terms were not directly measured and were calculated 

according to Allen et al. (1998). Saturation (es) and actual (ea) vapour pressure were calculated 

using Tair and rH as outlined by Howell and Dusek (1995).      

Surface conductance (gs), which regulates the transport of water vapour from the land 

surface to the atmosphere (Schulze et al., 1995) was calculated by inverting Penman-Monteith 

(PETPM; Knauer et al., 2018; Monteith 1965) as described in Chapter 3. Sensitivity of gs to VPD, 

which can be used as an indicator of plant water-use was derived using a modified Lahammer’s 

function fitted using a non-linear least-squares model (Oren et al., 1999; Equation 2):  

𝑔6 =	−𝑚𝑙𝑛(𝑉𝑃𝐷) + 𝑏     (5-2) 

where b is the reference surface conductance at VPD = 1 kPa, and m is the sensitivity parameter 

of gs to VPD. Generally, gs decreases exponentially with increasing VPD (Oren et al., 1999) and 

transpiration rates increase until a species-specific VPD threshold (Grosslord et al., 2020; Monteith 

1995).  Thus, sensitivity (m) will typically decrease in response to plant water-regulation during 
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periods of water-stress or soil moisture decline (Novick et al., 2016). Wetter environments 

typically have a higher m and b compared to drier, water-limited settings (Novick et al., 2016). 

5.2.5  Community-scale, instantaneous chamber evapotranspiration 

Community-scale measurements were conducted using a portable closed-chamber system and 

infrared gas analyser (EGM–4; PP Systems, MA, USA). Table 5-1 describes chamber dimensions 

and sample design.  In the upland and at Typha latifolia fen plots, stackable chambers were used 

(Figure 5-1) to measure taller species and avoid damage to plants.  

Chamber measurements of air temperature (Tair), relative humidity (rH) and 

photosynthetic radiation (PAR) were taken every 15 seconds for a 3-minute interval on the EGM-

4. At each plot, both a light and dark run were completed. Dark conditions were simulated by 

covering the clear plexiglass chamber with a black, opaque tarp. Plots were measured in random 

order on each sample day to capture a range of day-time values and conditions at each plot. The 

number of flux measurements varied across years (Table 5-1) as measurements were limited to 

fair-weather conditions and not taken during precipitation events, low PAR (<200) or high relative 

humidity (>80%) due to sensor function. As such, years with more precipitation events typically 

had fewer measurement days.  

Instantaneous chamber evapotranspiration (ET) was calculated following methods 

described by McLeod et al. (2004) by deriving the slope of chamber vapour pressure over time via 

least squares regression. This calculated slope was then applied to a modified equation (Stannard, 

1988), 
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𝐸𝑇 = 3.6><(
E

                 (5-3) 

 

where ET is evapotranspiration (mm h-1), M is the slope of the constant slope section (g m-3s-1), V 

is the volume inside the chamber (m3), C is the calibration factor to account for vapour absorption 

by the chamber material (unitless, derived via calculations outlined in McLeod et al. (2004) and 

Hamel et al., 2015), A is the area of land surface covered by the chamber (m2) and 3.6 is a factor 

to convert a volume of water per unit area (g H2O m-2 s-1)  to an hourly flux rate (mm h-1). In terms 

of the calibration factor (C), the EGM-4 used in this study passes sampled air through a filter of 

Sofnolime Granules (Sodium Hydroxide; Molecular Products, Essex, UK) before it is analyzed in 

the central system resulting in a (calculated/estimated) loss of water vapour of 0.036 and 0.083 g 

H2O per 3-minute interval for the fen and upland respectively (based on chamber volume). 

Moreover, as water vapour tends to absorb to the internal wall of the sample tubes (between the 

chamber and EGM-4), tube length impacts the amount of absorption and can result in an over (or 

under) estimation (Hamel et al., 2015) of H2O fluxes. Tube lengths varied between the upland and 

fen (200 cm versus 75 cm, respectively; Table 5-1) due to variation in chamber height and position 

of EGM on the ground (see Figure 5-1B). As such. the calibration factor (C) was adjusted for each 

landscape and species based on the above sources. Measurements from dark chamber runs were 

used to partition evapotranspiration and provide an estimate of surface evaporation (ES), under the 

assumption that during dark conditions, stomata were closed, and minimal transpiration was 

occurring.  
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5.2.6  Data Analysis 

For statistical analysis, only measurements spanning from the last week of June to the first week 

of August were used as this time frame represented peak leaf out for vegetation in the region and 

limited interference caused by varying plant emergence times in the spring, while also containing 

a relatively consistent amount of data points between years. The accepted significance level used 

for all statistical tests was p < 0.05 and significance is denoted by “.” for p<0.10 , “*” for p < 0.05, 

“**” for p < 0.01, “***” for p < 0.001 in figures. All statistics, were completed using RStudio 

(RStudio Team, 2020). A Kruskal-Wallis with post-hoc Dunn test was conducted to evaluate 

differences in ET fluxes between species within each landscape. To examine landscape-scale 

environmental drivers on ET between years a Spearman rank correlation was conducted for each 

year (2013 – 2019, EC data). Correlations were generated using the Performance Analytics 

package (Peterson and Carl, 2020) paired with GGally package (Schloerke et al., 2020) producing 

a p-value between each pair of parameters and Spearman rank coefficients (RS), ranging from -1 

to 1, where values with absolute value closer to 1 indicate a stronger correlation and values closer 

to zero indicate less correlation.  To evaluate species-specific relationships between edaphic and 

atmospheric variables and ET a linear mixed effect model (LME) was run for each species using 

nlme package (Pinheiro et al., 2014) with year and plot as the random factor. LME was also run 

for each landscape as a whole, where species was included as a fixed factor. LME was run using 

only chamber-measured data.  

5.3 Results 

5.3.1 Environmental Conditions 
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Environmental conditions have been previously summarised as a time series of growing season 

daily means (Chapter 2) and yearly boxplots in (Chapter 3). Seasonal average mean daily air 

temperature (Tair) ranged between 15 oC (2019) to 19 oC (2016) with September typically being 

the coolest and July the warmest of the measurement period. Total seasonal precipitation (P) 

ranged between 168 mm (2017) to 310 mm (2016), and all years except 2016 and 2019 (285 mm) 

had less rainfall than the 30-year average (283 mm, Environment Canada, 2020). Most rainfall 

occurred during the months of June and July apart from 2019, where 44% of seasonal rainfall 

occurred in August (126 mm). Furthermore, while 2016, 2018 and 2019 were all wetter years with 

similar amounts of rainfall (total growing season rainfalls of 310, 278 and 285 mm, respectively), 

the timing and intensity of events differed greatly (Figure 5-2). VPD was variable between years, 

and ranged between 0-5 kPa reflecting the large atmospheric demand for ET in the region. Daily 

averages ranged between 0.1 - 2.8 kPa. Daily mean relative humidity (rH) ranged from 28 to 92% 

with an interannual average between 60% and 67%. PAR was highest between 11h00–17h00, with 

an interannual average of 947 µmol m−2 s −1. PAR was typically higher from May to mid-July and 

slowly decreased in August towards the end of the growing season. PAR was similar across years; 

however, a slight decrease was observed in 2019 reflective of (frequent) overcast conditions that 

year. Interannual mean fen soil moisture (volumetric water content, VWC) was 84% with daily 

averages ranging between 70 – 87%. Fen mean daily peat temperatures ranged from 3.6 - 26.9 oC 

over the study period. Interannually, mean peat temperatures decreased over time from 16.6 (2013) 

to 12.1 oC (2019). Fen had a near-surface water table position (interannual mean 8 cm bgs). Upland 

interannual mean VWC was 20% with daily means ranging between 10 – 40%. Upland soil 

temperature was warmer and varied less between years, with seasonal averages ranging from 18.3 

(2019) to 20.5 (2013). oCUpland had a much deeper WT position compared to the fen with season 
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means ranging from 158 to 220 cm bgs. In both landscapes, smaller scale (<10 mm), sporadic rain 

events appear to have a negligible impact on (daily) WT position, however, larger or recurring rain 

events or prolonged dry periods (2017) affected overall edaphic trends. Table 5-3 summarizes 

biophysical attributes of chamber plots for each species. Ecosystem development and biophysical 

characteristics have been previously described (Chapter 2, Chapter 3) and are summarised in 

Figure 5-1 C-E. Surface conditions rapidly evolved from bare ground to robustly vegetated plant 

communities within the initial seven years following construction (Figure 5-1C-E). In the fen, 

vegetation was widespread by 2015. Upland plant establishment was slower and became robust in 

2017.  

 

 

 



 

 163 

Table 5-2: Summary of environmental variables from 2013 to 2019. Data presented as monthly means (except for precipitation which 
is a monthly cumulative sum).  

 
 
 

P  
(mm) 

T  
(°C) 

VPD 
(kpa) 

PAR 
(µmol 

m−2s −1) 

WT  
(cm bgs) 

VWC  
5 cm (%) 

VWC  
30 cm (%) 

Tsoil  
(°C) 

EVI 

     Fen Upland Fen Upland Fen Upland Fen Upland Fen Upland 
2013               

5 1 18.0 1.2 1017 42.3   25.1 79.5 37.6 14.8 21.7 0.15 0.17 
6 139 17.8 0.8 916 19.2  80.6 28.7 80.3 38.1 16.1 20.1 0.17  
7 91 17.8 0.9 954 2.6  82.1 26.1 79.5 38.0 16.5 20.4 0.23 0.17 
8 26 18.6 0.8 968 -9.5  83.4 24.3 78.8 38.2 16.9 20.9 0.19 0.18 
9 0 17.6 1.0  -8.1  85.1 23.2 78.7 38.1  19.4 0.14 0.10 

2014               
5 65 13.2 0.7 649 -5.2 170.8 81.5 23.7  36.8 14.4 16.3 0.13 0.14 
6 43 17.0 0.7 703 -3.6 145.3 80.9 23.1 86.4 37.5 18.5 19.8 0.21 0.21 
7 66 20.2 1.1 771 -2.9 143.5 85.0 19.9 82.6 36.7 22.4 23.3 0.30 0.22 
8 42 18.1 0.9 572 -2.2 169.9 85.2 18.8 81.1 34.5 20.2 20.7 0.29 0.21 
9 14 7.6 0.3 374 -3.5 182.5 86.4 21.0 83.9 33.5 8.5 9.4 0.32 0.23 

2015               
5 5 14.2 1.2 901 5.0 207.1 86.5 15.4 89.5 31.5 15.9 19.1 0.23 0.20 
6 30 18.1 1.1 834 9.7 209.0 85.0 13.4 89.2 27.6 20.0 22.4 0.37 0.24 
7 68 18.8 0.9 676 11.0 209.2 83.2 15.8 88.3 26.6 19.7 21.9 0.44 0.18 
8 59 17.8 0.9 539 16.6 209.6 80.7 13.4 90.0 25.6 17.7 20.6 0.49 0.28 
9 22 10.5 0.3 289 4.7 189.8  16.0  25.7 11.0 12.4 0.36 0.24 

2016               
5 20    9.0 223.6  16.0  33.6   0.20 0.23 
6 79 23.2 1.7 930 8.2 212.5  17.1  33.5 16.6 26.5 0.53 0.32 
7 140 19.5 0.9 628 16.3 199.0 76.7 18.3 87.5 34.3 16.3 22.8 0.45 0.30 
8 59 17.6 0.8 624 16.5 190.3 81.2  87.8  16.3 19.9 0.53 0.37 
9 24 12.3 0.4  6.8 164.5      14.4 0.34  
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 Table 2: continued 

 
P  

(mm) 
T  

(°C) 
VPD 
(kpa) 

PAR 
(µmol 

m−2s −1) 

WT  
(cm bgs) 

VWC  
5 cm (%) 

VWC  
30 cm (%) 

Tsoil  
(°C) 

EVI 

     Fen Upland Fen Upland Fen Upland Fen Upland Fen Upland 
2017               

5 6 15.2 1.1 855 10.7 228.1 86.1    12.4 16.1 0.17 0.22 
6 101 16.6 0.8 708 10.1 212.6 85.6 21.0 90.0 35.8 18.9 19.3 0.41 0.38 
7 26 20.2 1.1 703 15.7 211.7 84.0 15.6 90.4 32.4 16.5 22.0 0.57 0.44 
8 9 18.1 0.9 593 26.7 226.8 77.1 12.1 90.5 23.8 14.6 21.2 0.59 0.34 
9    458 31.3 235.4 73.4 10.9 89.6 21.3 12.5  0.48 0.30 

2018               
5 15 17.6 1.3 845 13.6 231.9  17.8  31.3 9.3 19.7 0.17 0.24 
6 109 17.2 0.9 673 9.9 233.3 85.1 21.5 88.5 30.8 13.3 19.7   
7 112 18.9 0.9 676 6.0 212.6 84.7 21.5 88.2 34.8 16.1 20.6 0.49 0.44 
8 17 16.6 0.8 481 6.0 192.5 85.3 13.6 88.1 29.1 13.1 19.5   
9 25 8.3 0.3 362 1.1 197.3 86.0 17.4 89.2 26.5 6.8 11.3 0.27 0.13 

2019               
5 1 15.2 1.2 896 6.4 230.2 86.7 17.0 89.3 33.7 7.1 17.8 0.18 0.29 
6 85 15.7 0.8 692 7.2 250.1 85.9 16.5 90.1 29.1 10.5 19.1 0.40 0.39 
7 53 17.9 0.9 490 0.9 275.6 85.1 19.3 87.9 31.7 14.7 20.7 0.39 0.46 
8 125 14.6 0.5 447 -4.5 263.2 84.7 28.3 88.5 34.1 13.6 16.8 0.37 0.48 
9 21 12.8 0.4 323 -5.8 249.3 84.6 40.0 87.5 37.5 12.3 14.5 0.31 0.44 
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Table 5-3: Biophysical surface and edaphic conditions at chamber-measured plots by species. 
Values represent averages from all years measured (2017 – 2019 fen, 2018 – 2019 upland). 
Negative WTD represents inundated conditions (above ground water table).  

 Plant 
Height 
(cm) 

Litter 
Height 
(cm) 

LAI WTD  
(cm bgs) 

VWC  
(%) 

Tsoil  
(°C) 

Fen       
Carex aquatilis 54 16 1.9 5 ± 5 84 ± 6 17 ± 4 
Juncus balticus 45 6 1.6 9 ± 7 80 ± 9 19 ± 7 
Typha latifolia 101 11 1.4 -12 ± 11 87 ± 6 16 ± 5 
Mixed 56 8 1.8 6 ± 9 82 ± 6 18 ± 5 
Upland       
Populus tremuloides 152 2 1.8 211 ± 17 14 ± 9 22 ± 4 
Populus 
balsamifera 

186 3 2.1 211 ± 17 17 ± 6 23 ± 3 

Picea mariana, 112 1 1.4 211 ± 17 15 ± 4 24 ± 5 
Pinus banksiana 171 1 2.3 211 ± 17 12 ± 4 23 ± 7 
Understory 36 4 0.9 211 ± 17 14 ± 9 21 ± 4 

 

5.3.2  Ecosystem-scale Evapotranspiration Trends 

Total seasonal ET in the fen ranged between 296 to 452 mm, and decreased over time as the 

system developed (Figure 5-2 and 5-3). Highest seasonal rates occurred in 2014 and 2015 with 

424 and 452 mm, respectively, while the lowest season total occurred in 2019 (296 mm). In 

early years (2013 – 2015) ET approached or was equal to the calculated value of PET, whereas 

from 2017 onwards, ET was less than PET (Figure 5-2). Furthermore, fen total ET exceeded 

total seasonal precipitation six out of seven years.  Typically, the largest amount of ET occurred 

in July (interannual mean of 113 mm) apart from 2013 and 2015, where June had highest totals 

(110 and 113 mm, respectively; Figure 5-3). There was a marked decrease in daily fen ET 

rates, with mean daily rates in early years (2013-2015) ranging between 3.6 to 3.8 mm day-1, 

in contrast to later years (2016 – 2019) with 2.5 – 2.9 mm day-1. Diurnal trends in fen ET also 

shifted over time, with higher rates (>0.25 mm half hour-1) of ET consistently throughout the 
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daylight window (8h – 20h) in early years (Figure 5-3). This temporal change is clear in early 

season ET trends (Figure 5-3). The effects of variable moisture supply (and atmospheric 

coupling) on ET were examined through the relationship between surface conductance (gs) and 

VPD (Figure 5-4). The logarithmic relationship between gs and VPD became more pronounced 

over time as the fen developed (Figure 5-4) and gs decreased largely in response to increasing 

VPD. The slope (m, also referred to as the steepness or sensitivity parameter) was variable and 

ranged between 0.9 to 2.9 mm s-1. Over time, b parameter decreased from 9 - 10.2 mm s-1 in 

early years (2013 - 2015) to 5.2 - 7.9 mm s-1 in later years (2017 onwards).  

Seasonal upland ET remained relatively constant throughout the study period, with 

only a slight increase from 2013 to 2019 (Figure 5-2 and 5-3). However, although seasonal 

totals were similar across all years, intraseasonal/diurnal trends varied as the system developed 

(Figure 5-3). For example, early season (May) ET totals increased from an average of 25 mm 

(2013-2015) to 37 mm (2017-2019). Mean daily ET rates ranged from 1.2 mm day-1 (2016) to 

2.2 mm day -1 (2018; Figure 5-3). In contrast to the fen, upland ET was consistently less than 

calculated PET (Figure 5-2) suggesting strong surface controls. Unlike the fen, total ET 

exceeded seasonal P only three out of seven years (2015, 2016 and 2017; Figure 5-2). Overall 

upland gs was lower than in the fen and seasonal means ranged between 2.5 to 4.5 mm s-1. gs 

in relation to VPD followed a similar logarithmic pattern to the fen, with gs decreasing rapidly 

between 0 to 1 kPa and then leveling out (Figure 5-4). The m parameter ranged between 1.1 

and 2.2 and b increased slightly over time from 3.5 mm s-1 in 2014 to 5 mm s-1 in 2019.   
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Figure 5-2: Cumulative seasonal AET (mm, green), PET (mm, dashed) and P (mm, black) for 
the fen (top) and upland (bottom) from 2013 to 2019. Nikanotee Fen Watershed, Fort 
McMurray, Alberta, Canada. Light green bands represent periods of missing data due to 
instrument malfunction.  
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Figure 5-3: Fingerprint plot depicting gap-filled, half-hourly evapotranspiration (ET, mm) 
from 2013 – 2019 for the fen (top) and upland (bottom)at Nikanotee Fen Watershed, Fort 
McMurray, Alberta, Canada. Each square is a half-hourly measurement, and each row 
represents a full day. Plots show seasonal (May-Sept, y-axis) and diurnal (hourly, x axis) 
trends. 2016 missing data is due to Horse Creek Wildfire, other gaps are due to instrumentation 
malfunction.  
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Figure 5-4: Sensitivity of gs to VPD from 2013 to 2019 in the fen (top) and upland (bottom).  
 

5.3.3  Instantaneous Chamber Evapotranspiration  

ET fluxes measured at vegetated plots from 2017 – 2019 varied between landscapes, species 

and years (Figure 5-5). Interseasonal mean ET for the fen was 2.6 mm day-1 while mean upland 

ET was slightly higher at 3.3 mm day-1 (Figure 5-5A). Moreover, surface evaporation (ES) was 

generally higher in the upland than the fen (interseasonal mean of 1.8 and 0.9 mm day-1 

respectively; Figure 5-5B), despite the upland being a drier landscape.  

Mean seasonal fen ET rates were comparable in wetter years (3.3 and 2.8 mm day-1 in 

2018 and 2019) and slightly lower in drier years (2.1 mm day-1 in 2017). Moreover, there was 

a slight increase in ES in 2019 in C. aquatilis, J. balticus and mixed plots while  T. latifolia 

saw a decrease compared to 2018.  T. latifolia plots generally had higher rates of ET and ES 

(interseasonal mean ET of 3.9 mm day-1 and ES of 3.1 mm day-1; Figure 5-5AB) with highest 
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rates observed in 2018 (Figure 5-5BC) with August mean ET reaching 4.8 mm day-1 . Similarly, 

ET was high across all plot types in July 2018 (Figure 5-5C). C. aquatilis plots typically had 

the lowest rates of ES out of all fen species with seasonal means ranging between 0.4 to 1.0 

mm day-1 (Figure 5-5B). J. balticus plots exhibited the largest seasonal variability across all 

years (Figure 5-5C) with monthly means fluctuating by up to 1.7 mm day-1. Of note is the 

increase in J. balticus (and to lesser extent C. aquatilis and mixed plot) ET in August 2017 

despite dry conditions.  

In the upland, ET and ES varied between years (Figure 5-5BC) with higher rates 

observed in 2018 (seasonal mean ET and ES. of 3.8  and 2.1 mm day-1) than in 2019 (seasonal 

mean ET and ES of 2.6  and 1.5 mm day-1). In 2018 all treed plots exhibited similar rates of ES 

(species specific seasonal mean ES ranging between 1.8 to 2.3 mm day-1; Figure 5-5B ) while 

in 2019 ES was lower in coniferous plots (P. banksiana mean of 1.4 mm day-1,  P. mariana 

mean of 1.3 mm day-1) than broadleaf plots (P. balsamifera mean of 2.2 mm day-1, P. 

tremuloides mean of 2.0 mm day-1, Figure 5-5B). Understory plots had the lowest ET and ES 

rates out of the upland species (Figure 5-5A-C) with an interseasonal mean of 1.8 and 1.0 mm 

day-1. Broadleaf plots typically exhibited higher ET rates than coniferous and understory plots. 

P. balsamifera plots had the highest ET rates reaching monthly means of 4.6 and 4.3 mm day-

1 in July 2018 and 2019 (Figure 5-5C).  
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Figure 5-5: Results from chamber-based measurements, Nikanotee Fen Watershed, Fort 
McMurray, Alberta, Canada. A) ET fluxes by species in the fen (left, 2017 – 2019) and upland 
(right, 2018 – 2019). Compact letter display depicts results from post-hoc Dunn statistical 
analysis representing significant differences between species within each landscape.  Black 
line indicates the median, the box represents the 25th to 75th quartile, the whiskers include 
95% of the range, and the black circles are outliers. B) Partitioning of ET and ES (surface 
evaporation) by species and year.  C) Seasonal variability in chamber-based ET fluxes based 
on monthly means by species.  
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5.3.4  Environmental Controls 

Figure 5-6 depicts landscape-scale Spearman rank coefficients (RS) between environmental 

variables and ET for each year, providing insight into the strength of the relationship depending 

on the season (i.e., in a wet versus dry year). Figure 5-7 summarises the relationship between 

edaphic and atmospheric variables and ET for each species.  

Results from the Spearman correlation depict a strong relationship between ET and 

atmospheric conditions across all years in both landscapes. WTD was largely insignificant in 

either landscape (with the exception of 2017 and 2018 in the fen (Figure 5-6)). Moreover, RS 

results indicate that the strength of the relationship between environmental variables and fluxes 

varied depending on overall seasonal hydroclimatic conditions (i.e., wet versus dry years, 

frequency and intensity of events). Notably, edaphic controls on fen ET in 2017 (drier year) 

were opposite to that of wetter years (Figure 5-6) when ET and VWC were negatively, strongly 

and significantly correlated in 2017 (i.e., ET increased even as VWC decreased) indicating fen 

plant-water feedbacks are not solely linked to near surface (edaphic) properties. Moreover, 

there is increased correlation between WTD and fen ET in 2018. Generally, due to ample water 

availability, fen ET fluxes were more strongly correlated to atmospheric than edaphic controls. 

In the upland there was a temporal shift in edaphic controls as vegetation became more robust 

(2016 onwards, Figure 5-6). While atmospheric controls dominated, edaphic influence was 

stronger than observed in the fen, particularly the correlation with VWC and Tsoil.  

At the landscape scale, results of LME model analysis reinforced Spearman results with 

significant atmospheric drivers in both landscapes (PAR, rH, Tair:  upland: p=0.0004, 0.0007, 

0.017; fen: p=0.0005, 0.0006, 0.025). WTD was not significant for upland fluxes and (weakly) 

significant for fen ET (p=0.0463). At the species level, fen species saw a greater variability in 
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controls between species due to the heterogeneity in surface conditions and plant physiology 

(Figure 5-7). In contrast to other fen species, as edaphic conditions in the fen were relatively 

stable and consistently wet (i.e., frequently ponded, high water availability) atmospheric 

controls were found to be the only significant factors driving ET at T. latifolia plots (Figure 5-

7). Moreover, ET was significantly related to WTD only at J. balticus plots.  Upland species 

largely exhibited similar environmental controls, although there was some variability between 

tree types (e.g., broadleaf versus coniferous). WTD was not significant for any ET-species 

relationships in the upland. ET was strongly driven by atmospheric controls across all species 

and to varying degrees by edaphic conditions (Figure 5-7). Notably, coniferous species showed 

a strong, significant relationship between VWC and ET but also a weaker (non-significant) 

relationship with Tsoil and ET (p=0.0688 and 0.0761 for P. mariana and P. banksiana, 

respectively), which was not observed at other plot types. Moreover, P. balsamifera plots did 

not exhibit edaphic controls on ET, whereas P. tremuloides did (p=0.0391). Understory plots 

differed from treed species with stronger edaphic than atmospheric controls on ET (Figure 5-

7).  
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Figure 5-6: Temporal snapshot of Spearman rank coefficient (RS) depicting the relationship 
between environmental conditions and ET fluxes in the A) fen and B) upland from 2013 to 
2019.   
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Figure 5-7: Graphical summary of results from the linear mixed effect model depicting the 
interaction between ET and environmental variables per each species in the A) fen and B) 
upland.  Significance is denoted by * for p < 0.05, ** for p < 0.01, *** for p < 0.001.     p <0.10 
is not significant but exhibited some relationship and has been left in for discussion/context.  

 

5.4 Discussion 

5.4.1  Drivers and controls of surface-atmosphere moisture exchanges 

While abiotic factors such as edaphic conditions, water availability and atmospheric forcing 

are central to surface-atmosphere moisture exchanges, a critical component driving temporal 

ET trends in both landscapes of this study (Figure 5-3) was the biophysical evolution of the 

system from bare ground to widespread plant coverage during the initial seven years post-

construction (Figure 5-1C-E). 
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5.4.1.1 Fen 

Initially following construction, fen ET was high with limited seasonal trends (Figure 5-3) and 

consisted largely of surface evaporative losses driven by atmospheric controls (Figure 5-6) as 

there was sufficient water available at the surface due to bare ground conditions and ponding 

(Figure 5-1 C-E). Other post-disturbance peatlands have exhibited similar high(er) rates of ET 

immediately following disturbance when vegetation is scarce and near-surface water is 

available (Thomspon et al., 2014, Petrone et al., 2004). Moreover, at this time, ET was close 

to PET (Figure 5-2), and gs values were higher and less sensitive to VPD (Figure 5-4) further 

signifying ample water availability and limited surface (i.e., plant-mediated) controls. In 

natural peatland settings, ET approaching or being equal to PET occurs when water is not 

limited and there are large proportions of open water (Petrone et al., 2007; Price, 1994). 

Moreover, previous work has highlighted that surface evaporation can contribute to a high 

proportion of ET in peatland settings due to wet surface conditions (Warren et al., 2018; 

Raddatz et al., 2009; Humphreys et al., 2006; Comer et al., 2000). Consequently, fen gs is less 

sensitive to VPD particularly during early years with sparse vegetation and ample surface water 

supply to satisfy atmospheric demands. As fen vegetation became more widespread and robust, 

the proportion of bare ground and ponded, open-water areas significantly decreased (Figure 5-

1C-E) resulting in less surface evaporation and increased plant transpiration. This is observed 

in the shift in seasonal ET trends from 2017 onwards, which closely follow plant dynamics. 

During this time, fen ET rates were largely controlled by plant-mediated responses to 

atmospheric forcing and changing hydroclimatic conditions. Furthermore, once vegetated, the 

relationship between gs and VPD followed similar logarithmic trend and was comparable to 

other studies (Helbig et al., 2020b; Alekseychik et al., 2018; Peichl et al., 2013; Humphreys et 
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al., 2006) with a higher degree of sensitivity when surface-atmosphere conditions are strongly 

coupled (Novick et al., 2016). Thus, higher sensitivity of gs to VPD in the fen in later years 

was likely controlled by the dominant vascular plant community through transpiration, 

particularly in response to changing conditions. Previous work has stated that the behaviour of 

gs is linked to the type and amount of vascular vegetation (Worral et al., 2021; Peichl et al., 

2013; Lafleur, 2008; Humpherys et al., 2006; Oren et al., 1999). 

The effects of vegetation on surface-atmosphere exchanges were observed when 

comparing two dry years with similar hydroclimatic conditions but varying stages of plant 

development (2015 versus 2017, Figure 5-3). 2015 was the first season with widespread plant 

growth, however plant density was thinner (than later years) and a litter layer had not yet 

developed allowing for higher rates of surface evaporation from the inundated peat surface. By 

2017, plant density had reached its maximum (Figure 5-1E) and a thick litter layer had 

developed (Table 5-3) due to the high amount of seasonal biomass produced by C. aquatilis 

and T. latifolia, resulting in less exposed peat, ultimately supressing surface losses. As a result, 

we see varying ET signals between the two years (Figure 5-3) with very similar atmospheric 

forcing - the 2015 signal was dominated by atmospheric controls driving high rates of surface 

evaporation similar to earlier years with high water availability compared to 2017, when ET 

was largely driven by stomatal controls in response to atmospheric conditions with limited 

surface losses.  The influence of plant development is also captured when plot-scale ET fluxes 

are compared to those measured at the same plots initially following construction.  We 

observed decreased ET compared to control (unvegetated) and seedling plots in 2014, when 

seasonal mean ET was 3.2 and 3.7 mm day-1, respectively (Scarlett et al., 2017) compared to 

an interseasonal mean of less than 2.7 mm day-1 in this study at non-T. latifolia plots. Initially, 
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open water regions exhibited high rates of evaporation (4.4 mm day-1; Scarlett et al., 2017), but 

by the time of this study these ponded regions have been overtaken by T. latifolia, resulting in 

a slight decrease (interseasonal mean of 3.6 mm day-1). The decrease in ET from initial years 

to this current study is attributed to altered surface conditions, where the widespread expansion 

of vegetation, coupled with the formation of litter layer, created a barrier between surface and 

atmosphere exchanges, suppressing surface losses. Petrone et al. (2004) similarly found the 

addition of mulch at a restored peatland resulted in an 8-13% decrease in evaporative surface 

losses.  

Notably, in the fen edaphic controls were limited likely due to a combination of the 

following features: relatively persistent wet conditions, vascular vegetation being less sensitive 

to near-surface edaphic fluctuations (due to well established rooting architecture) and the 

presence of dense vegetation cover and litter resulting in surface sheltering. Similar strong 

atmospheric and vegetative controls have been reported in natural (Volik et al., 2021; Phillips 

et al., 2016; Humphreys et al., 2006; Lafleur, 1990) and post-disturbance peatlands (Scarlett et 

al., 2017; Nicholls et al., 2016; McCarter et al., 2013; Petrone et al., 2004). Moreover, previous 

studies have examined the influence of WT position on ET dynamics in peatlands (Volik et 

al., 2021; Brown et al., 2017; Moore et al., 2013; Wu et al., 2010; Humphreys et al., 2006; 

Lafleur et al., 2005) and found that like this study, small variation in WTD near the surface is 

negligible for ET, and often not significant. However, WT drawdown past a (site-specific) 

critical depth can in turn affect ET fluxes.  

ET fluxes during the drier 2017 season were likely more strongly plant (transpiration) 

driven than by surface losses as the extensive, well-developed rooting system was able to 

access deeper stores of soil moisture during dry periods of water table drawdown. While the 
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drier year (2017) exhibited slightly lower ET (mean 2.1 mm day-1) compared to wetter years 

(3.3 and 2.8 mm day-1 in 2018 and 2019) throughout the study period, they are within the range 

of natural fens dominated by vascular vegetation (1.5 to 4.5 mm day-1; Volik et al., 2021; 

Phillips et al., 2016; Humphreys et al., 2006; Busch 2000; Bridgham et al., 1999). Moreover, 

evidence of plant mediated controls can be observed through the decrease in gs in 2017 (Figure 

5-4), signifying greater surface – atmosphere coupling. A decrease in gs representing regulation 

of plant mediated moisture exchanges is well documented (Runkle et al., 2013; Oren et al., 

1999; Schulze et al., 1995). The decrease in gs observed during the 2017 season coincided with 

WT drawdown, a coupled relationship, which has been described in several peatland studies, 

particularly those with continuous vascular plant coverage (Alekseychik et al., 2018; Peichl et 

al., 2013; Raddatz et al., 2009; Acreman et al., 2003).  

The complexity of ecohydrological feedbacks is highlighted when examining ET and 

environmental controls between two wet years (2018 and 2019). As a key input of water to 

ecosystems, precipitation trends influence many ecohydrological processes and feedbacks. 

Fluctuations in the timing and/or intensity of events elicits a biophysical response (e.g., 

changes in plant growth and function, changes to infiltration capacity, etc.) and can lead to 

altered ecohydrological feedbacks (Knapp et al., 2008; Rodriquez-Iturbe, 2000). While both 

years exhibited similar total seasonal precipitation, the timing, intensity and frequency of 

events varied significantly (Figure 5-2, Table 5-2) resulting in variable ET response across 

species (Figure 5-5) and variable drivers between years (Figure 5-6).  2018 was warm and 

punctuated by a few large, intense events including close to 90 mm over a four-day period in 

July. Intense rainfall over such a short time span led to reduced infiltration capacity (of the 

already wet peat) and resulted in ponded conditions that persisted well into August at some 
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plots. Moreover, VPD was notably higher in 2018 (reaching up to 4.8 kPa, Chapter 2) and 

August was warm with limited rainfall inputs (Figure 5-2, Table 5-2). As a result, in 2018 there 

was sufficient water and incoming radiation to satisfy high evaporative demand and ET rates 

were higher across all species (Figure 5-5C- July). Notably, ES was also higher due to 

inundation (see ES outliers in Figure 5-5B – 2018) particularly at J. balticus plots. The higher 

ET rates in 2018 are attributable to the rapid biophysical response (i.e., inundated conditions) 

to intense rainfall, followed by ideal evaporative conditions, likely explaining the increased 

correlation between WTD and ET in 2018 (Figure 5-6) compared to other years. Contrastingly, 

in 2019 while there was ample water available, more frequent rain events and overcast 

conditions limited the incoming energy available for latent heat of vaporization to occur. In an 

examination of the site’s energy balance (Chapter 3) a corresponding decrease in latent heat 

flux (QE) in 2019 compared to other years. As a result of both wet conditions and limited 

incoming radiation, ET trends were lower and similar across all species throughout the season. 

The above conditions resulted in less drying, both of the peat and at the leaf/litter surface 

resulting in a slight increase in ES compared to other years. Moreover, frequent rainfall resulted 

in more atmospheric moisture (higher rH, less of an atmospheric moisture deficit) and ET was 

driven more by surface losses than transpiration as higher atmospheric moisture (paired with 

lower PAR conditions) resulted in less of a physiological (i.e., stomatal) response (Helbig et 

al., 2020; Oren et al., 1999). 

Differences in ET rates between species are driven partially by abiotic conditions as 

well as plant physiology. For example, T. latifolia plots were inundated, with high water 

availability across all years and as a result had the highest rates of ES in the fen (Figure 5-5B). 

As such, due to ample water availability, fluctuations in T. latifolia ET are primarily driven by 
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atmospheric controls (Figure 5-7). Similarly, Price (1994) found evaporation rates of T. 

latifolia were high (4.8 mm day-1) and close to the rate of open water evaporation. 

Contrastingly, Goulden et al. (2007) observed lower ES rates in a T. latifolia dominated marsh 

due to the presence of a thick litter layer coupled with cool water temperatures in ponded 

regions. 

However, similar to this study, both Price (1994) and Goulden et al. (2007) highlight 

the strong atmospheric controls on T. latifolia ET. Moreover, the role of the litter layer as a 

means to supress surface evaporative losses was observed with C. aquatilis plots exhibiting 

the lowest rates of ES even though these plots exhibit relatively stable, wet, near-surface 

edaphic conditions (Table 5-2). This is further supported by the limited edaphic controls at C. 

aquatilis plots compared to J. balticus plots (Figure 5-7).  Greater edaphic controls at J. 

balticus plots are attributed to stronger coupling between atmospheric and edaphic conditions 

as a result of less sheltering due to the thinner litter layer and thinner plot density (resulting in 

higher ES and ET (compared to C. aquatilis). In a review of northern peatland feedbacks, 

Waddington et. al (2015) highlighted plant-mediated shading as a critical component of 

peatland function and means to limit water losses. Moreover, plant mediated sheltering has 

been extensively trialed in peatland restoration practices, where straw mulch is commonly 

added as an amendment to the surface to limit evaporative losses and create a suitable 

microclimate for moss initiation (Xu et al, 2021; Rowland et al., 2021; Chimner et al., 2017; 

Petrone et al., 2004; Rochefort 2000; Price et al., 1998).  

 A physiological plant response to changing environmental conditions can be observed. 

Remarkably, in 2017 during dry conditions (July and August; Table 5-2) there was a steady 

increase in ET in J. balticus and C. aquatilis dominated plots (Figure 5-5C). This is partially 
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attributed to plant-mediated water use and access to deeper water stores, resulting in a reduced 

dependency on near-surface edaphic conditions, allowing for transpiration to continue even 

during times of periodic stress. In a recent review of evaporative function at 35 boreal peatland 

sites, Helbig et al. (2020) found ET rates increased during warmer conditions, particularly 

when VPD > 2 kPa, due to greater water availability (than boreal forested sites). Wu et al. 

(2010) and Flanagan and Syed (2011) also observed higher ET rates during drier conditions 

and concluded ET was more strongly driven by atmospheric controls and mediated by plant 

physiology than edaphic controls (such as WTD). Moreover, the increase in ET during dry and 

warm conditions with limited rainfall may be a physiological response to mediate leaf 

temperature, reduce leaf scorching and ensure CO2 and H2O exchanges continue. Vascular 

plants have been shown to increase transpiration (when water is available) during warmer and 

drier periods to cool leaf surfaces and limit leaf damage (Sadok et al.,2020; Ruiz-Pérez et al., 

2019; Crawford et al., 2012; Gates, 1968). Furthermore, at a nearby saline, sedge-dominated 

fen, Phillips et al. (2016) found more salt tolerant species maintained higher ET rates despite 

having lower leaf area and water table levels during times of periodic water stress. This may 

partially explain the higher ET rates of J. balticus plots (a more salt and drought tolerant 

species than C. aquatilis) in July and August of 2017. Physiological controls as a response to 

drier conditions are further supported by the (initially unexpected) results of a negative 

relationship between edaphic variables and ET in 2017 (i.e., decrease in VWC increase in ET; 

Figure 5-6). These results coincide with other boreal peatland studies (Moore et al., 2013; 

Brümmer et al., 2012; Sonnentag et al., 2010; Humphreys et al., 2006; Lafleur 2005) which 

found strong physiological and atmospheric controls as well as a limited relationship between 

ET and edaphic conditions, particularly WT at sites dominated by vascular vegetation unless 

a critical, site-specific threshold was surpassed.  The decrease in T. latifolia ET during drier 
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conditions (Figure 5-5C - 2017, Typha) indicates the species may have reached some threshold 

of stress and mediated it through stomatal closure. Moreover, by August 2017 most T. latifolia 

plots were no longer inundated (although WT remained near or at the surface) resulting in less 

(open water) surface evaporation, likely further contributing to the decrease in ET.  

5.4.1.2 Upland   

As observed in natural (Brown et al., 2014; Zha et al., 2010) and recovering (Merlin and 

Landhäuser, 2019; Strilesky et al., 2017; Petrone et al., 2015) boreal forests, ET fluxes in this 

study were largely driven by atmospheric controls and soil moisture availability (Figure 5-6). 

Similar to the fen, temporal landscape-scale ET trends were strongly driven by plant 

development in the reclaimed upland. Initially, during bare ground conditions ET rates 

consisted of surface losses driven by edaphic and atmospheric controls, particularly following 

rain events (Figure 5-3, i.e., periods of high ET from wetted previously dry soils following 

precipitation; Small et al., 2001; Eltahir, 1998). However, once dry, surface evaporation at this 

site was likely controlled by the ability of water to move upwards through the soil column 

through either capillary rise or vapour diffusion, (Aluwihare and Watanabe 2003; van de 

Griend and Owe, 1994). Thus, in the upland at this time surface evaporation during dry periods 

is interpreted to be driven by (warmer) soil temperatures coupled with the strong capillary 

barrier between the capping layer and underlying tailing sand that retained soil moisture within 

the top 50 cm (Chapter 2; Sutton and Price 2020b). Once vegetation became established (2016 

onwards) there is a clear shift in ET trends, where ET began to follow seasonal plant phenology 

(lower rates during leaf out and senescence, highest during peak leaf area), rather than solely 

meteorological inputs, likely due to an increase in plant transpiration (and decrease in surface 

evaporative losses). Moreover, the development of vegetation resulted an increase in ET from 
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1.5 mm day-1 (interseasonal mean ET 2013 – 2015) to 3.2 mm day-1 (2017 onwards). Notably, 

ET rates from sparse understory plots in this study are comparable to early bare ground rates 

(1.8 mm day-1 versus 1.5 mm day-1, respectively). Upland ET had stronger edaphic controls 

than the fen (Figure 5-6, 5-7) due to drier edaphic conditions, open canopy and the 

discontinuous, and at times sparse nature of the understory (see Figure 5-1), resulting in greater 

coupling between the surface and atmosphere and often a rapid edaphic response to changing 

meteorological conditions. A similar sensitivity to drier (edaphic) conditions and subsequent 

decrease in ET has been observed in other juvenile post-disturbance forests. This differs from 

mature forests where the understory and/or canopy are better established, providing some 

degree of sheltering and shading of the surface, dampening moisture loss and limiting edaphic 

controls (Hart and Chen, 2006). Petrone et al. (2015) examined two regenerating boreal aspen 

stands within the first five years post-harvest and found ET decreased due to lower water 

availability following drier conditions. Carey (2008) observed a comparable response between 

wet and dry years during the initial three years of reclamation with the wetter year exhibiting 

greater ET. Moreover, Amiro et al. (2006) describe local moisture limitations as a key driver 

of annual ET variability in recovering uplands. A similar response to drier conditions is 

observed in this study with drier year (2015 and 2017) exhibiting decreased ET.   

Higher ET and ES rates at chamber plots in the upland compared to the fen (Figure 5-5) were 

initially surprising, as the fen has much more available water near and at the surface. However, 

examination of edaphic and physiological controls provides some insight. While the fen was a 

wetter landscape, it had a thick litter layer, which coupled with widespread plant coverage 

provided a barrier that supressed surface water losses by reducing the coupling between the 

surface and atmosphere. As a result, ET fluxes were largely driven by physiological and 



 

 185 

atmospheric controls. In contrast, the thin and sparse litter coverage and discontinuous patches 

of bare ground and understory of the upland provided little to no barrier between the surface 

and atmosphere, and when coupled with the high evaporative demand of the region resulted in 

higher surface evaporative losses when adequate soil water was available. Similar large surface 

losses have been observed during the early stages of development or recovery in boreal forested 

ecosystems due to exposed surface conditions and low LAI and canopy coverage (Petrone et 

al., 2015; Ewers et al., 2005). Moreover, trees typically have higher transpiration rates than 

grasses or sedges, thus accounting for the higher species ET rates (compared to the fen).  

Variability between upland ecosystem scale and chamber scale ET rates is likely due to the 

proportion of trees to bare-ground/understory within the tower footprint.  

ET differences between species are driven by plant structure, morphology and physiology and 

the availability and use of water. Broadleaf species exhibited higher rates of ET than coniferous 

species Figure 5-5a), driven by higher transpiration rates due to stomatal size and abundance, 

and greater water requirements for plant function (Brown et al., 2014, Blanken et al., 1997).  

In an analysis of vertical water fluxes in the NFW upland, Fettah et al. (2022) found 

transpiration accounted for 52% of water loss from the system, 71% of which was from 

broadleaf species. Coniferous species had less ET variability compared to broadleaf species 

(Figure 5-5A-C), particularly during changing environmental conditions throughout the 

growing season (Figure 5-5C). This is attributed to coniferous species requiring less water for 

plant function, being better adapted to variable soil moisture conditions, and having consistent 

LAI throughout the season (no budding/senescence) (Stephenson et al., 1990; Arnup et al., 

1988). This coincides with results from Zha et al. (2010) who similarly observed significantly 

less seasonal variability in ET between coniferous (7-9%) and deciduous (33%) stands 
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throughout the course of a growing season. Differences in ET rates within tree types (i.e. 

between P. banksiana and P. mariana) are attributed to differences in tree size (Table 5-3) 

with the larger, more mature species exhibiting higher rates. Notably, we observe some 

variation in ET response to changing environmental conditions between P. balsamifera and P. 

tremuloides, particularly during drier conditions (e.g., August 2018, May 2019). Differences 

in ET trends between the two broadleaf species can be attributed to variability in tree size and 

root development. P. balsamifera was the larger of the two species and had likely developed a 

more robust (lateral and/or vertical) rooting system, providing greater access to soil water 

stores as well as greater interception of incoming radiation (due to larger LAI). Presence of a 

more robust rooting architecture is supported by the limited relationship between soil moisture 

and P. balsamifera ET (Figure 5-7) as well as ET rates remaining high during periods of drier 

surface conditions (Figure 5-5C, August 2018). A similar divergence in ET trends between the 

two broadleaf species can be observed in May 2019 (Figure 5-5C), a drier period with limited 

rainfall (Table 5-2, Figure 5-2). Here, lower P. tremuloides ET rates were likely driven by 

greater sensitivity to drier conditions, particularly in the early growing season when LAI was 

smaller. Clonal, adventitious, near-surface root development has been shown to play a 

significant role in continued plant function through soil moisture redistribution during drier 

periods in the region (Petrone et al., 2015; Brown et al., 2014). Thus, high P. balsamifera ET 

rates during drier periods were driven by ample water availability (mediated through root 

function) and incoming radiation. P. tremuloides likely mediated water loss during drier 

periods through physiological (stomatal) controls, which is supported by the steeper decrease 

in ET during drier periods (e.g., Figure 5-5C August 2018). Contrastingly, in 2019, near-

surface water availability was higher (due to more consistent rainfall inputs June - August) and 

ET of both species was controlled by atmospheric processes (i.e., limited by decreased 
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incoming radiation and less VPD) resulting in a similar ET rate. Under conditions with 

sufficient soil moisture availability, broadleaf species had similar responses to changing 

atmospheric conditions but observed varying sensitivity to drier conditions. Higher rates of ES 

at broadleaf plots (particularly in 2019; Figure 5-5B) is interpreted to be driven by variable 

partitioning of rainfall between tree types (i.e., interception versus throughfall and soil 

infiltration). Due to differences between leaf and needle morphology and orientation, 

coniferous species typically exhibit great rainfall interception than broadleaf species due to 

increased surface area from needle clumping, resulting in less throughfall of water to the soil 

surface (Fettah et al., 2022; Levia et al., 2011; Barbier et al.,2009). Higher rates of ES at 

broadleaf plots in 2019 is likely the result of greater throughfall reaching the soil surface, thus 

increasing near-surface soil moisture available for ES. Atmospheric controls on understory 

plots were lower due to shading and sheltering by surrounding treed vegetation and differences 

in plant (above and belowground) physiology (i.e., root architecture, leaf shape and 

orientation).  Coniferous species experienced stronger edaphic controls as well as a (non-

significant) degree of Tsoil influence (Figure 5-7) linked to the thickness and composition of 

the litter layer (thinner litter layer resulted in less surface sheltering and a more rapid warming 

response).  

5.4.2  Implications for AOSR reclamation and future work 

As reclamation is still a relatively new endeavour in the region, results from this study provide 

critical insight to system design, functionality and evolution. Once plant communities became 

established, ET rates and responses to changing environmental conditions were similar to those 

at nearby natural fens and juvenile post-disturbance uplands (Volik et al., 2021a,b; Clark et al., 

2022; Straker et al., 2019; Strilesky et al., 2017; Petrone et al., 2015, Carey 2008) providing 
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perspective to the ecohydrological functionality of constructed systems.  In particular, this 

study evaluated ET dynamics of native boreal species in constructed landscapes, which can be 

applied to future planting prescriptions. Results signify the benefit of a diversified planting 

campaign to ensure ecosystem function under varying environmental conditions. The 

sensitivity of juvenile broadleaf species to drier conditions, may limit their applicability as an 

early successional species in reclamation projects in the region, particularly as an increase in 

water-stress is predicted for the future (Ireson et al., 2015). The development of adventitious 

lateral rooting systems improves their ability to withstand periodic moisture stress, which is 

critical to plant function in a region like the AOSR. However, as broadleaf species mature, 

they require greater water use/uptake and typically exhibit more water loss (via increased 

transpiration), thus the mechanism that ensures constructed forest productivity during drier 

periods (soil water redistribution via rooting architecture) may subsequently limit the water 

available for the down-gradient fen. As tree species require more time to become robust (5-15 

years; Amiro et al., 2010), establishing suitable edaphic conditions during the juvenile phase 

is critical to ensure long-term tree functionality, evolution and survival in reclaimed settings. 

An examination of ET dynamics at Nikanotee, now that the site is >10 years old, would provide 

useful insight to some of the aforementioned questions, particularly now that the upland is 

more robust with most trees greater than 3 m tall. Furthermore, an assessment of rooting 

architecture of AOSR upland species would help better quantify water use and movement. 

Moreover, results here suggest the important physical role plant cover has on ecohydrological 

feedbacks pertaining to water exchanges. Ensuring the rapid establishment of plant cover will 

help supress water losses and aide in continued ecosystem development and function. Plants 

in both fen and upland landscapes were able to mediate water losses under varying 

environmental conditions. However, during this study we only observed one dry year once 
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vegetation was robustly established in both landscapes. While the systems appear to be able to 

withstand periodic (seasonal) hydrologic stress, it is unclear how ecohydrological feedbacks 

and ET dynamics may shift under prolonged drought conditions. Other future work includes 

pairing results from this study with species-specific CO2 fluxes to assess water use efficiency 

of native boreal species in reclaimed landscapes.  

 

5.5  Conclusions 

ET dynamics at a reclaimed upland-fen watershed were examined during the initial seven years 

post-construction through the eddy covariance method paired with instantaneous chamber 

measurements of dominant species. Results highlight the important role of plant development 

during early ecosystem evolution as a means to regulate water exchanges between the surface 

and atmosphere through both the suppression of surface evaporative losses and stomatal 

controls. Environmental drivers of ET varied temporally during ecosystem development. 

Initially following construction, ET was driven by abiotic controls (atmospheric and edaphic 

conditions) where soil water availability was the limiting factor, particularly in the upland. 

Once fully vegetated, near-surface edaphic controls decreased, and ET fluxes were largely 

controlled via plant responses to atmospheric conditions.  This study provides insight to future 

reclamation design and the importance of initial, post-construction conditions to aide in the 

development of constructed systems. Moreover, variability in species responses to changing 

environmental conditions underlines the importance of biodiversity in planting campaigns.  
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Chapter 6: Summary of ecohydrological function during ecosystem 

development 

Individually, the chapters of this thesis examined surface-atmosphere exchanges of energy, 

water and carbon during the initial seven years of ecosystem development. The aim of this 

chapter is to amalgamate the results of each chapter and provide a brief, ecosystem-scale, 

graphical summary of abiotic and biotic interactions.  

Figure 6-1 depicts the temporal evolution of key ecohydrological indicators measured 

during development from bare ground conditions to a flourishing, vegetated ecosystem. A 

summary of key trends observed during ecosystem evolution are:  

A) The fen rapidly evolved from a bare, dark, wet surface to widespread vegetation by 

year 3 (2015).  

B) Treed upland species developed at a slower rate compared to the fen and understory 

development was gradual. The upland evolved from bare-ground conditions to robust 

vegetation by year 5 (2017) 

C) Dark, wet peat and ponded regions resulted in a lower albedo and greater absorption of 

incoming radiation affecting energy partition. This is in contrast to the upland, where 

light-coloured, dry, sandy cover soil resulted in a higher albedo and greater reflection 

of incoming radiation.  

D) Once vegetation became widespread, the two landscapes exhibited similar albedos, and 

were within the range of naturally vegetated landscapes.  

E) Energy partitioning was driven by surface conditions and water availability, resulting 

in greater latent heat flux in the fen and more sensible heat flux in the upland. During 
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bare ground conditions edaphic and atmospheric controls drove energy fluxes. Plant 

development altered biophysical surface properties resulting in a shift to strong biotic 

controls.  

F) During the drier season (2017) fen Bowen Ratio was >1 due to decreased near surface 

moisture availability.  

G) Coinciding with plant growth, fen evolved from a CO2 source to a sink by year 3 (2015) 

H) Due to its size, drier edaphic conditions and the ratio of trees to understory, by year 7 

the upland was still a minor CO2 source, but on trajectory to becoming a sink in the near 

future as tree growth ensues.  

I) Initially, ample water availability and ponded surface conditions resulted in high 

surface evaporation rates in the fen. Upland evaporation rates were lower and 

controlled by limited water availability.  

J) Once a plant community was well established, fen plant and litter cover supressed 

surface evaporative losses, and ET was dominated by transpiration. Similarly, ET rates 

increased in the upland due to tree transpiration.  

K) Fen WUE remained stable from 2015 onwards despite variable hydrometerological 

conditions (wetter versus drier years) indicating plant-mediated controls on water use, 

via rooting architecture and stomatal response.  

L) Upland WUE steadily increased as treed species matured.  
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Figure 6-1: Graphical summary of temporal changes in key ecohydrological variables 
measured in this study in the fen (green) and upland (grey). Letters highlight key moments 
and are described in the text.   
 

Figure 6-2 depicts both the intricacy of soil-plant-water-atmosphere interactions and 
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Figure 6-2: Conceptual diagram of ecohydrological interactions driving ET, CO2 and WUE 
during two distinct phases of ecosystem development, A) bare ground and B) established 
vegetation.   
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feedbacks and processes discussed throughout this study are inherently controlled by the 

availability of water. Thus, establishing an adequate, self-sustaining hydrological regime is 

crucial to ensure ecosystem development and longevity. Figures 6-3 and 6-4 attempt to 

summarise the key drivers during ecosystem development and system trajectory. Ecosystem 

creation allows for some manual control of system trajectory as parent material, hydrology and 

planting campaigns are intentionally designed to mimic natural settings. However, climatic 

conditions during the initial few years can affect ecosystem development and potential 

trajectories. For example, how would fen development have differed if the intial three years 

were drier seasons? Would the rapid, widespread establishment of c. aquatilis still have 

occurred, or would an alternative plant community have emerged? How would this have 

affected the timing and rate of ecosystem processes (i.e., CO2 sequstration). Thus, 

environmental conditions during system initiation ultimately dictate the early plant community 

and first phase of ecosystem development. The developing plant community and evolving soil 

conditions are interconnected to each other and are critical to both continued ecosystem 

evolution and current ecohydrological function. The trajectory and rate of evolution of these 

ecosystem components is driven by micrometerological influences. Moreover, the interaction 

and feedbacks between soil-plant-water processes coupled with the availability, use and 

movement of water between these three components is what drives ecosystem functionality. 

Changing environmental conditions (e.g., wet-dry years) results in interannual variability in 

CO2 and H2O dynamics. However, prolonged environmental forcings (e.g., multi-year 

drought) or a rapid change in conditions (changing hydrochemistry due to salinity influx from 

tailing sand) can result in a shift in the plant community and altered ecohydrological feedbacks. 

Understanding interactions and the variability in controls during different phases of ecosystem 
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evolution provides insight to ‘lessons learned’ during this pilot-scale endeavor and potential 

design aspects to consider in the future.  

 

Figure 6-3: Conceptual diagram depicting the interaction of ecosystem components and key 
drivers of ecosystem evolution and function.  

Ecosystem 
Evolution

Ecosystem 
Function

interactive controls

plant community

edaphic
conditions

direct controls

leaf area 

hydrology

parent material

climate micrometeorology
growing season length

precipitation

incoming radition

 soil water availability

albedo

initiating controls

rooting architecture

litter CO2

ET

WUE

time



 

196 

 

Figure 6-4: Summary of controls driving surface-atmosphere exchanges during the different phases of ecosystem evolution.  
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Chapter 7: Conclusions 

The rationale for this work was driven by complementary motivations, both scientific curiosity 

(i.e., the functioning of novel, constructed ecosystems) and industry application (i.e., the 

pressing need for criteria to improve reclamation assessment and certification practices). To 

address these queries, this thesis set out to evaluate the performance of a novel, constructed 

watershed through a function-based, ecohydrological perspective. Here, key ecohydrological 

indicators, namely NEE, WUE and ET, were examined during the initial seven years post-

construction. Given that fen reclamation is a relatively recent undertaking in the region, this 

study presents the longest record of surface-atmosphere exchanges at a reclaimed watershed 

consisting of multiple landscape units. Over the course of the study period, both the fen and 

upland exhibited significant biophysical evolution, from bare ground conditions to flourishing 

ecosystems. This transformation is reflected in surface-atmosphere exchanges of water, carbon 

and energy resources.   

Remarkably, over the course of just seven years NFW appears to have achieved or be 

on trajectory to reaching many of the overarching targets set during conceptualization, namely 

the creation of functional, carbon-accumulating, self-sustaining ecosystems that are resilient 

to environmental stress. The fen quickly evolved from a growing-season carbon source to sink 

within the first 3 years following construction. The upland exhibited net carbon losses during 

the study period, however a marked improvement in sequestrations rates was observed with 

the growth and development of treed species, and the upland is expected to become a carbon 

sink in the near future. Once vegetation became robust, WUE remained relatively stable despite 
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hydroclimatic variability indicating a well-connected groundwater network between the two 

landscape units and the ability to self-regulate (and maintain plant function) during periods of 

moisture stress. Moreover, it is worth addressing the initial question posed at the outset of the 

NFW pilot project – whether fen reclamation in the AOSR is even possible? Results from this 

study echo that of the extensive research previously conducted at NFW, that yes, fen 

reclamation is indeed possible and can be successful.  

While results from this study demonstrate that multi-landscape reclamation is possible, 

the examination and identification of key ecohydrological drivers and feedbacks during 

ecosystem development also highlighted potential considerations for future projects.  

 

This research provides quantifiable evidence that supports the preliminary hypothesis 

assumed during NFW conceptualization, that establishing and maintaining a hydrologic 

regime in the moisture-limited setting of the AOSR would be the cornerstone of successful 

reclamation. In this study, we repeatedly observed the important role water availability played 

in ecohydrological dynamics and site performance. Thus, it is recommended that all future 

designs ensure hydrologic connectivity and ample water availability.  

Throughout this study, we observed a significant shift in surface-atmosphere exchanges 

following plant establishment. In particular, upland performance (re: carbon and water 

dynamics) was impacted by the paucity of understory development. This contrasts with the fen 

where the rapid, widespread establishment of vegetation (and a thick litter layer) improved 

NEE (by limiting R) and supressed surface water losses. These results highlight the strong 

impact plant establishment has on ecohydrological function and feedbacks. Thus, amendments 
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to upland planting prescriptions, cover soil physical properties or the addition of woody debris 

is recommended to propagate positive feedbacks between plant-soil-atmospheric processes.  

An assessment of community-scale carbon and water fluxes demonstrated the 

variability in species function under varying environmental conditions supporting the need for 

diverse planting campaigns. From a design perspective, limiting ponded regions immediately 

following construction is recommended to limit the invasion and expansion of invasive, 

unwanted species (e.g., t. latifolia). Moreover, due to the relatively stable, near surface water 

table position in the fen c. aquatlis has largely outcompeted other plant species and currently 

dominates the plant community. A homogenous plant community may hinder ecosystem 

resilience (and performance) during periods of environmental stress, especially if a species-

specific threshold is reached. The addition of (micro)topography to fen design could help 

create more hydrologic variability, improving conditions for a wider range of species and 

producing a more diverse and ultimately resilient plant community.  

Moreover, this study demonstrates the importance of measuring and monitoring 

ecohydrological indicators to assess reclamation success as relying solely on the presence of 

vegetation as a stand-alone metric of reclamation can overestimate system performance. This 

was observed in this study, where upland plants were at least partially established from years 

3 to 7 yet the landscape exhibited limited CO2 sequestration. Thus, it is recommended to assess 

ecosystem performance via ecohydrological indicators while using plant distribution and 

growth as ancillary, supporting evidence. This study also demonstrated the application of 

remote sensing techniques as a feasible, easily accessible method to capture spatial and 

temporal biophysical changes that should be incorporated into monitoring campaigns.  
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Given the decadal-nature of climate cycles of the region, at the time of this study NFW 

had yet to experience extended drought conditions. Thus, while the constructed system has 

shown resilience to periodic hydrologic stress it is currently unclear where its thresholds for 

continued functionality under prolonged moisture-limited conditions are. Understanding the 

tipping points of ecosystem function (and design) is pivotal to the long-term sustainability of 

these constructed systems, particularly as moisture deficits are anticipated to worsen under 

future climate scenarios. As such continued monitoring of ecohydrological indicators under 

variable hydroclimatic conditions is recommended.   

This research is essentially a case-study of a singular constructed watershed.  As such 

results reflect the bias of site-specific conditions such as distinct site location, consequences of 

construction and the specific hydroclimatological conditions during the study period. Thus, the 

timing of ecosystem evolution (re: plant growth), establishment and magnitude of key 

ecohydrological processes (e.g., CO2 sequestration) and trajectory of future reclamation 

endeavours in the region may differ from those observed here, particularly if designs are 

adjusted or baseline environmental conditions differ. Despite limitations associated with the 

novel nature of this study, results presented here still provide valuable insights into surface-

atmosphere interactions during ecosystem evolution that can help guide future reclamation 

efforts. Moreover, this research provides evidence of ecosystem performance comparable to 

that of surrounding natural, undisturbed landscapes further supporting the viability of 

successful, multi-landscape reclamation efforts in the region.
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Appendices 

Appendix A: Utilizing vegetation indices to capture ecosystem 

recovery  

In order to determine which plant index to apply at NFW, two commonly used indices 

(Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI)) 

were run and examined. The main difference between the two indicies is NDVI uses just the 

red and infared bands, while EVI uses the red, infared and addiationally the blue band, as well 

as a few additional parameters for background soil and atmospheric interfernces. The aerosol 

interference aspect is quiet important for a study site like NFW as its frequently affected by 

mine dust as well as forest fire haze. Results from multispectral analysis show NDVI 

overestimated dark, wet bare ground as vegetation, and under estimated the emergence of 

understory vegetation in the upland making it less favorable for studies capturing early, post-

disturbance development. However, once fully vegetated, the two indices performed similarly. 

To further validate these results, NDVI and EVI values were compared to tower GEP to 

confirm the presence or absence of vegetation (i.e., no/low GEP when plant community is 

limited). This analysis confirmed the above results, as such EVI was deemed the better fit for 

this study.  
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Figure A-1: Temporal snapshot of plant development in the fen and upland from 2013-2019. 
Ecosystem scale mean peak season (DoY 170-220) satellite imagery (top), Normalized 
Difference Vegetation Index (NDVI; middle) and Enhanced Vegetation Index (EVI; bottom).  
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Figure A-2: Timeseries of NDVI and EVI values from the mean of a pixel grid (60 x 60 m) 
located at the epicenter of flux tower footprints (white square). Note the overestimation of 
NDVI in the fen and underestimation in the upland during early development. Values greater 
than 0.2 represent a plant signal.  
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Figure A-3: Relationship between NDVI and GEP (left), and EVI and GEP (right) from 2013 
to 2019. Based on mean daily GEP for weeks when spectral imagery is collected (every 8-16 
days). Values greater than 0.2 represent a plant signal. Note that NDVI indicates a plant signal 
when there is limited to no GEP (2013,2014, red orange) confirming the overestimation of wet 
dark peat as plant matter.  
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Appendix B: Spatial variability in environmental conditions and 

fluxes from 2017 to 2019 

Due to spatial heterogeneity and variability in environmental conditions between years (i.e., 

dry versus wet, timing and frequency of precipitation) an inverse distance weighted (IDW) 

interpolation was derived using QGIS to provide a spatial overview of environmental and flux 

trends relative to chamber plot location. Here, a mean of all peak season values for each plot 

was used from 2017-2019. In the upland, due to the proximity of flux plots (and species), a 

mean was calculated for each upland quadrant rather than each individual plot.  
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Figure A-4: Spatial interpolation of mean peak season edaphic conditions and CO2 and ET 
fluxes from 2017 to 2019. A) water table depth (cm) where a negative value indicates below 
ground, B) soil moisture (%), C) soil temperature (°C), D) net ecosustem exchange (g CO2 m-

2 d-1), E) evapotranspiration (ET, mm/day). White circles represent flux plot measurement 
locations. In the upland, the mean of each quadrant (rather than plot) was used No 
measurements were taken in the upland in 2017.   
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