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ABSTRACT 

Surface coal mining has taken place in North Dakota for many decades. Upon the mining 

process, the mined lands need to be reclaimed to a better state than pre-mining. The reclamation process 

is a timely and costly procedure. Currently, most reclamation strategies focus only on above ground 

biomass. Our research entailed two different studies, the first looking into vegetative species composition 

and canopy cover of reclaimed mine lands, and the second focuses on belowground properties affected 

by soil compaction over a 40 year reclamation gradient. Species composition and canopy cover did not 

increase over 40 years (p> 0.05). Soil compaction did not decrease, and rooting depths and soil water 

content range did not increase over the reclamation gradient (p> 0.05). Relative plant community patch 

size and soil health on reclaimed lands over four decades indicate the landscape-level success of the 

current ecosystem-based reclamation strategy. 
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PREFACE 

 Chapter one is written as a general literature review for both chapters two and three. Chapters 

two and three are written as independent manuscripts to be submitted to peer-reviewed journals. Chapter 

two, “Small and large-scale patterns of diversity on reclaimed prairie over a 40-year chronosequence” is 

written following the style and formatting guidelines Environmental Management Journal. Chapter three 

“A 40 Year Chronosequence of Soil Properties on Reclaimed Surface Coal Mine Lands” is written 

following the style and formatted for the Journal of Land Degradation and Development.  
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

Rangeland Disturbance and Species Diversity Indices 

Historical Disturbance 

Grassland dominance globally began during the end of the Cenozoic era (65 million years ago) 

(Retallack 2001). Expansion of the grassland biome in North America occurred in the Miocene-

Pleistocene transition (7–5 million years ago) and was associated with an increase in herbivores such as 

camels, horses, rhinoceroses, antelopes, bison and elephants (Axelrod 1985). The climate during the 

Pleistocene (2.6-.01 million years ago) continued to provide the environmental conditions needed to 

promote grasslands, fire, and herbivores (Saur 1950). The Pleistocene-Holocene transition (0.01 million 

years ago) was a time of important change in climate and anthropogenic influences that coincided with 

glacial retreat in North America. Following glacial retreat, stabilization of the prairie vegetation was largely 

due to disturbances such as anthropogenic fire, occasional lightning strikes, and herbivory (Curtis 1971; 

Anderson 1990, 1998, 2006). The Great Plains vegetation, particularly the central grasslands, is relatively 

new in terms of geologic time. Currently, only remnants of the previously diverse fauna (bison, elk, and 

deer) remain (Flores 1996).    

Disturbance is a temporary change in an environmental condition that causes a pronounced 

change in an ecosystem process (Hobbs & Huenneke 1992). Typically, disturbance removes biomass 

and quickly changes the previous environment as a result of wind and water erosion, mega fauna 

trampling, fire, grazing, and many other abiotic and biotic factors. Grassland plant communities are 

dependent on disturbance (Pickett & White 1985; Hobbs & Huenneke 1992) because it initiates 

succession through altered light and nutrient availability (Hobbs & Huenneke 1992). Alteration of the 

historical grazing and fire disturbance regime will be detrimental to the health of the ecosystem.  

Disturbance regimes influence vegetation composition by modifying the abundance of existing 

species and providing establishment opportunities for other species with different resource requirements 

(Li et al. 2006; McIntrye et al.1995; Moloney & Levin 1996). The spatial scale of disturbance plays an 

important role in impeding the process of vegetation succession following disturbance by increasing 

sunlight, nutrient availability, and distribution area for recruitment. Attention needs to be given when 
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making inferences from small-scale observations to the large scale management of vegetation because 

disturbances may have severe impacts on ecosystems that cross successional thresholds, preventing 

recovery of the ecosystem (i.e fire, grazing and fossorial animals)  (Li et al. 2006). This role of scale gives 

rise to the health of ecosystems by enhancing heterogeneous diversity on the landscape. 

Natural Disturbance on Rangelands 

Rangelands are heterogeneous because of their high diversity composition and productivity 

across multiple scales (Ludwig & Tongway 1995; Pattern & Ellis 1995; Fuhlendorf & Smeins 1999; 

Fuhlendorf & Engle 2001). Heterogeneity is the variability in vegetation stature, composition, density and 

biomass resulting from different timings of disturbances, topographic and edaphic patterns, competitive 

interactions, and succession among vegetative patches (Kola & Pickett 1991; Fuhlendorf & Engle 2001). 

Heterogeneity may be the cause of biological diversity (Fuhlendorf & Engle 2004; Christensen 1997; 

Ostfeld et al. 1997; Weins 1997), influencing species diversity, wildlife habitat, and ecosystem function 

(Christensen 1997; Ostfeld et al. 1997; Wiens 1974; Fuhlendorf & Engle 1998; Fuhlendorf & Engle 2001).   

Therefore, rangeland management should focus more on restoring heterogeneity within the landscape 

than on restoring the previous successional composition of grasslands (Fuhlendorf & Engle 1998).  

Fire is recognized as an important component of a historical disturbance regime (Wright & Bailey 

1980) because it restricts woody encroachment and promotes grass dominance in the Great Plains 

(Wight 1877; Axelrod 1985; Anderson 2006). Climate, along with fire, is highly responsible for the 

continued success of grass species; large herbivores aid to promote the continued expansion of grasses 

by trampling seedlings and destroying older trees (Axelrod 1985).  

 Plant communities in the Northern Great Plains (NGP) have a long evolutionary history with 

herbivores (Milchunas et al. 1988). Grazing animals react to their environment through a hierarchy of 

natural responses and behavioral actions causing variable distributions at the landscape, community, and 

patch level (Senft et al. 1987; Stuth 1991). Grazing can be sustainable on most grasslands, but 

overgrazing at focal grazing points can create lawns which facilitate ecosystem degradation (Martin & 

Ward 1970; Foran & Bastin 1985; Fuls 1992; Fuhlendorf & Engle 2001; Landsberg et al. 2003; Tobler et 

al. 2003). Consequently, grazing management frequently promotes uniform herbivory with even 

distribution of grazing animals at moderate levels, therefore, no areas are heavily grazed or non-grazed 
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(Holechek et al. 2003; Fuhlendorf & Engle 2004). Nested within the larger matrix of fire and grazing 

disturbance, focal soil disturbance by fossorial animals is another disturbance regime important to the 

health of grassland ecosystems. 

Burrowing animals often act as disturbance agents (Sousa 1984; Pickett & White 1985) as their 

actions destroy or displace mature plants, modify resource availability, and the physical environment. 

Consequently, these modifications allow new individual plant species to establish. Excavation activities 

bring soil to the surface, re-distribute nutrients, aerate the soil, alter soil moisture (Eldridge 2004; Eldridge 

& Whitford 2009), and alter local plant community composition (Borchard & Eldridge 2012). Fossorial 

animals can modify community-level characteristics, such as species diversity, if plant populations are 

differentially prone to the created disturbances. The manner in which co-occurring animal taxa interact to 

alter vegetation is a function of their respective behaviors that shape the characteristics of disturbances 

(Lynn & Detling 2008). With these natural disturbances, native prairies are host to diverse vegetative 

communities.   

Alpha and Beta Diversity 

Alpha diversity can be defined as “the number of species present at a single site or sampling plot” 

(Cingolani et al. 2010). Alpha diversity consists of two components: species richness and species 

evenness (Stirling & Wilsey 2001). Species richness is the number of species present, and evenness is 

how species abundance is distributed (Cingolani et al 2010). High species evenness can increase total 

productivity, resistance of invasive species, and can reduce plant loss (Wilsey & Potvin 2000; Wilsey & 

Polley 2002, 2004; Smith et al. 2004). Proper alpha diversity represents species recruitment and stability 

on disturbed sites, enhances the development of the plant community, creates a self-sustaining 

ecosystems, and measures packing within a community. This reflects how species divide ecological 

resources (Sepkoski 1988; Alday et al. 2011).  

A second component of species diversity is beta diversity, which is the variation in species 

composition among sites, or how species numbers and identities differ between communities (Magurran 

1988; Wilsey et al. 2005; Martin et al. 2012). Beta diversity may arise when a disturbance changes the 

vegetative community, creating dissimilar patches (Martin & Wilsey 2012). Due to anthropogenic 

disturbances assisting the establishment of invasive species, creating beta diversity may be unattainable 
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in restorations (Martin & Wilsey 2012). Invasive species often become troublesome in highly disturbed 

areas due to their ability to colonize and form monocultures (Pritekel et al. 2006).   

Anthropogenic Alterations of Historic Disturbances 

Novel ecosystems result when species combinations, species abundances, and changes in 

ecosystem functioning that have not historically occurred within a biome (Hobbs et al. 2006). 

Anthropogenic disturbances often result in different disturbance regimes (e.g. changes in fire, grazing and 

fossorial animal distributions) that can play a significant role in shaping alpha and beta diversity 

(Kirkpatrick 1994; Conacher & Conacher 1995). With these different disturbance regimes, it can be 

difficult to fully achieve proper native diversity within ecosystems due to the lack of resistance to exotic 

species invasion (Grubb 1977; Li et al. 2006; McIntyre et al. 1995; Moloney & Levin 1996).   

Indigenous Tribes were the first to use fire on grasslands as a management tool to encourage 

plant regrowth, reduce woody species, manipulate prey species, and increase travelling ease (Stewart 

1956; Curtis 1971; Pyne 1983, 1997; Anderson 1990, 1997; Bragg 1995). A reduction in anthropogenic 

fire occurred around 1875, and is currently inconsistently used to manage native prairies. Recently, 

prescribed burning has increased due to interest in restoring historic disturbances regimes (Brockway et 

al. 2002) and applications for wildlife habitat management (Augustine et al. 2007, 2010; Thompson et al., 

2008). However, the use of fire is limited by habitat fragmentation from agriculture and urban 

development (Higgins 1986; Anderson & Bowles 1999; Anderson 2006).    

Historically, large, grazing herbivores covered the prairies of the NGP. Yet, after European 

settlement, widespread livestock grazing became prominent on native ecosystems of western North 

America (Wagner 1978; Crumpacker 1984; Fleischner 1994). Most rangeland management practices 

were developed to increase livestock production and promote forage species dominance, reducing 

landscape heterogeneity (Fuhlendorf & Engle 1998). Rangeland management traditionally promotes 

homogeneity by even distribution of livestock grazing across the landscape (Fuhlendorf & Engle 1998). 

Traditional grazing management creates uniform use of plants with some areas resulting in overgrazing 

and a decrease in landscape heterogeneity (Fuhlendorf & Engle 1998). Overgrazing was a common 

practice in early European settlement, which lead to degradation of rangelands (van der Westhuizen et al. 
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2005; Liang et al. 2009; Sch€onbach et al. 2011). Severe livestock grazing makes it difficult for other 

natural disturbance regimes such as fossorial animals to compete and survive in rangelands.    

Burrowing animal habitat is 90% reduced due to agricultural practices and urban development 

during the past 200 years (Anderson et al. 1986; Strapp 1998; Miller & Cully 2001; Vermeire et al. 2004; 

Ramirez & Keller 2010). As habitat becomes increasingly fragmented, burrowing animal colonies are 

becoming smaller and more isolated, causing a higher risk of extinction (Miller et al. 1994; Lomolino & 

Smith 2001; Ramirez & Keller 2010). With a decreasing population of keystone species, conservation of 

soil health and heterogeneity of grassland habitat is at stake. To maintain the health of prairie 

ecosystems, understanding the impacts of disturbance by human beings is necessary (Ramirez & Keller 

2010). 

Invasive vegetative species are often well suited to take advantage and establish with 

environmental changes and prosper on rangelands due to increasing human disturbances (Christian & 

Wilson 1999; Hobbs et al 2006; Wilsey et al. 2011). Some invasive species are highly adapted which 

allow them to compete and succeed with the native species in disturbed areas (Hobbs & Huenneke 1992; 

Pritekel et al. 2005), while other species are generalist which can occupy broad niches within an 

ecosystem. Exotic plants species can become photosynthetically active several weeks before comparable 

native species (Martin & Wilsey 2012), creating a lack of nutrients, sunlight, and space for native 

vegetation. Establishing native plant species before exotic plant species in the restoration process is 

essential for restoring diverse native prairie communities where perennial invasive species may exist 

(Martin & Wilsey 2012). A better understanding of the restoration process is needed to restore successful 

native plant diversity on highly disturbed soils. (Martin & Wilsey 2012; Martin et al. 2012; Cavender 2014).   

Novel Rangeland Disturbances on Soil Characteristics 

  Soil compaction is an increase in soil density through a decrease in available pore space and a 

packing together of soil particles by forces exerted at the surface (Vomocil 1957; Thompson et al 1987). 

Anthropogenic and animal disturbance forces are known as the principal causes of soil compaction 

(Mulholland & Fullen 1991; Davies et al. 1992; Milne and Haynes 2004; Batey 2009). However, compact 

soils can also be found under other conditions without human or animal involvement.  Soil compaction is 

a major issue in soil management (Batey 2009) due to increasing bulk density, and cascading many 
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edaphic problems. Soil compaction decreases root growth and plant productivity by decreasing the 

storage and supply of water, air and nutrients (Thompson et al 1987; Andersen et al. 2013). In low soil 

organic matter content soils, compaction can be intensified by grazing, or use of heavy equipment during 

times of high soil water contents. These factors can limit the plant rooting depth.  

  Soil resistance to penetration is a measure of soil strength, and therefore, also a metric of 

compaction (Taylor 1971; Mason et al. 1988; Panayiotopoulos et al. 1994; Hamza & Anderson 2001, 

2003). Root growth and penetration of soil can be limited and even prevented if soil compaction is 

sufficiently high (Barley et al. 1965; Thompson 1987). Soil compaction impedes the movement of water 

and air through the soil by reducing the pore size, level of aeration, and consequently, inhibit root and 

plant growth (Gifford et al 1977; Thompson et al 1987). Soil compaction processes influence soil water 

(Lipiec et al. 2002; Hamza & Anderson 2005), and increasing soil moisture content reduces the load of 

pressure found in soil (Medvedev & Cybulko 1995; Kondo & Dias Junior 1999; Hamza & Anderson 2005). 

Soil compaction and soil water content are tied at the moment of which compaction initially occurs. The 

reduction in soil pores by compaction event can change how soil water is retained and moves in the soil 

(Batey 2009).   

 With the continued increase of technology, axle weight of machinery has been increasing and 

causing major concerns for soil health across all types of landscapes (Hakansson 1994; Van den Akker et 

al. 2003; Godwin et al 2008; Batey 2009). Severe compaction is often associated with industrial activities 

where heavy machinery is being used, such as the extraction of minerals (Sinnett et al. 2006; Batey 

2009), pipeline installation, and reclaimed landscapes (Batey & McKenzie 2006). In agricultural situations, 

compacted layers vary in thickness from a few millimeters to 100 millimeters (Hatley et al. 2005; Batey 

2009). Compaction can occur on the surface, within a tilled layer, just below the tillage zone, or at greater 

depths. Industrial activities may have more severe impacts and can cause soil compaction at depths 

greater than one meter; sometimes persisting up to 30 years (Spoor 2006; Batey 2009). Severe 

compaction is a current issue on surface coal mining reclamation sites that the industry is trying to resolve 

with highly regulated reclamation techniques.  

Surface coal mining has been an anthropogenic process for several decades. Most mines begin 

with filing for a mining permit of the area disturbed. Once a permit is accepted, dams and diversions are 
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built to control runoff, followed by diesel-powered equipment removing the top-soil and sub-soil. Electric- 

powered draglines follow, removing the overburden that may range anywhere from 25-120 feet exposing 

the coal seams. Soil horizons are removed and placed into separate piles until needed for reclamation 

purposes, or is directly re-spread into an open pit that is ready for reclamation to begin. Once the soil has 

been removed, the coal seam is removed, and the reclamation process may begin.  

Reclamation 

Reclamation includes efforts that improve the quality of the land by restoring the remnant 

ecosystem (Bradshaw 1984; Holl 2002). Ecological restoration holds great promise for the recovery of 

degraded and destroyed ecosystems (Dobson et al.1997; Hobbs & Harris 2001). The process of natural 

succession reveals that nature can achieve restoration independently and develop functioning soils 

(Bradshaw 1996). The goal of reclamation is not to re-construct the natural species composition but to 

provide a healthy standing establishment of native species. In surface mining, the original vegetation is 

damaged, and the soil structure is usually lost or buried. To achieve a successful reclamation, soil needs 

to be replaced and the vegetation re-established (Bradshaw 1996). As legal requirements to reclaim 

highly disturbed areas are becoming more stringent, reclamation is focusing on both species and 

ecosystems (Holl 2002). 

Federally, surface mine reclamation was highly unregulated prior to the early 1970s (Cavendar et 

al. 2014), however, some states had state mining regulations implemented. Topsoil, subsoil, and 

overburden were removed to expose coal seams. The overburden and soils were stockpiled adjacent to 

strip-mined areas and returned in reverse order of removal (subsoil on top of topsoil), or not returned at 

all (Cavendar et al. 2014). Ecosystem development and plant succession was slow on the stockpiled sites 

because they lacked ideal aerobic conditions for plant establishment and growth (Smyth 1997). Even with 

natural recovery of insufficient vegetation, dust, erosion and safety issues associated with non-reclaimed 

lands remain (Burger 2011). Due to an increase in environmental safety in the 1970s, a new federal law 

was implemented that made it mandatory for surface coal mines to restore mined areas back to as good 

or better than pre-mining condition.  

 The Surface Mining Control and Reclamation Act (SMCRA) of 1977 mandated mining operations 

to restore land back to the same or better vegetative state than pre-mining. Reshaping all areas affected 
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by surface coal mining operations to a topography consistent with adjacent unmined landscape elements 

is essential to develop a post-mining landscape that will provide healthy soils and sufficient vegetative 

characteristics. “Re-establish a diverse, effective and permanent vegetative cover of the same seasonal 

variety and native to the area and capable of self-regeneration of plant succession…”  is necessary to 

achieve the stated post-mining land use (Holl 2002; ND Public Service Commission 2015). With the 

implementation of this law, the new reclamation processes are mandatory beginning with the re-

spreading of soil.   

Reclamation enhances soil quality by re-establishing mine soils by terms of improving physical 

and chemical properties (Shukla et al. 2004). Reclaimed mine soils are developing on anthropogenically-

altered landscapes and are pedologically young soils (Sencindiver & Ammons 2000). Reclaimed mine 

soils tend to have higher bulk density, lower porosity, poorer structure, lower water holding capacity, 

lower infiltration rates, and shallower rooting depths than that of undisturbed sites (Indorante et al 1981; 

Thurman & Sencindiver 1986; Dunker & Barnhisel 2000; Shukla et al 2004a). Due to heavy machinery 

and compaction, water moves slowly through the soil (Pedersen et al. 1980; Chong & Cowsert 1997), 

resulting in a higher resistance to root penetration and reduced root elongation (Fehrenbacher et al. 1982; 

Thompson et al. 1987; Chong & Cowsert 1997). Re-established soil at restored sites can suffer from 

severe compaction that may hinder future reclamation efforts such as native vegetation and healthy soils 

(Sinnett et al 2006). Studies report (e.g. Potter et al. 1988; Thomas & Jansen 1985) that reclaimed 

surface mined lands have slow soil structure development and profile characteristics that are not 

comparable to that of non-mined soils (Chong & Cowsert 1997). Therefore, the reclaimed mine soils need 

to be combined with various land-use practices to improve soil properties over time. The goal is to 

reconstruct reclaimed sites in a manner that maximizes the rate of soil improvement over time (Jansen 

1981; Shukla 2004b).  

  The reclamation process currently begins with the re-spreading of the overburden, subsoil and 

topsoil respectively to homogeneous depths (24’,36’, or 48”) and contoured to a specific elevation stated 

in the mining permit using large equipment such as Caterpillar D11 dozers, 657 scrapers, 16M and 24M 

patrol blades, 789 end dump trucks and Hitachi 2500 excavators. Large rocks are removed, and a 
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seedbed is prepared prior to seeding the newly replaced soil. The seeding mix used, usually consists of 

native cool and warm season grass species found naturally in the NGP.  

Reclamation success is determined by methods approved for re-vegetation comparisons of 

vegetative ground cover, species diversity, and productivity between reclaimed and undisturbed reference 

areas (Schumann et al. 1999; Ries & Nilson 2000). In 1989, an extension to the SMCRA law of 1977 

requires that all land disturbed by mining must remain under performance bond for a minimum of ten 

years from the date of seeding to insure that the land will be successfully reclaimed and is up to or above 

productive standards of pre-mining. Once the land meets these standards, the land is then released back 

to the previous landowner or bond returned to mining company. Bonds allow the establishment of 

vegetative stands and benefit from new species that move into the area, expanding the plant diversity on 

the site.  

Achieving reclamation success in the western United States may be challenging due to diversity 

of plant species, high temperatures, and high evapotranspiration rates (Ries & Nilson 2000; Schladweiler 

et al. 2005). The fundamental objectives of surface mine reclamation are to assist vegetation 

establishment, improve the development of the plant community, and produce a self-sustaining 

ecosystem (Holl 2002; Hobbs et al. 2006; Alday et al. 2011). Plant succession commonly takes 50-100 

years to recover before a satisfactory vegetation develops, especially on reclaimed mine sites (Bradshaw 

1996; Dobson et al. 1997). Studies report the number of plant species increased with time since 

reclamation, and the composition of the oldest reclaimed sites approached that of adjacent, less-

disturbed sites (Holl 2002). Native plant species typically colonize reclaimed coal surface mined sites after 

10-15 years after reclamation (Thompson et al. 1984; Skousen et al. 1994; Thompson et al. 1996; 

Rodrigue 2001; Holl 2002). However, monitoring vegetation at different spatial scales is necessary to 

implement comprehensive management strategies over time (Cingolani et al. 2010) and assess re-

vegetation.   

Objectives 

The objectives of this study is to (1) evaluate small- and large-scale vegetation patterns across a 

40-year reclamation gradient, (2) to estimate spatial cover and vegetation diversity on the reclamation 

gradient to understand species response and seedling establishment on the re-spread soil, (3) determine 
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the effect of soil compaction over a 40-year reclamation gradient, (4) evaluate the effect of rooting depth 

on compacted soils found on reclaimed mine sites, and (5) distinguish the level of soil water content 

range with regards to compacted soil. We hypothesis that alpha and beta diversity will increase with time 

since reclamation. We also hypothesis that soil compaction and soil water content range will decrease 

with time since reclamation, and rooting depth of vegetation will increase over the 40 year reclamation 

gradient. 
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CHAPTER 2: SMALL AND LARGE-SCALE VEGETATION PATTERNS OF 

DIVERSITY ON RECLAIMED SURFACE COAL MINELAND OVER A 40- YEAR 

CHRONOSEQUENCE 

Abstract 
   
  Rangelands are described as heterogeneous, due to diversity species assemblages and 

productivity, resulting from disturbances across multiple scales. Reclaiming rangelands often focus on 

facilitating vegetation establishment, enhancing the development of the plant community and creating a 

self-sustaining ecosystem. However, reclamation efforts following anthropogenic disturbances focused on 

reclaiming native biodiversity, but largely overlooked the need to reclaim heterogeneous patterns within 

landscapes. The objectives were to evaluate the small- and large-scale vegetation patterns across a 40-

year reclamation gradient on reclaimed surface coalmine lands. We hypothesized that both alpha and 

beta diversity would increase and species dissimilarity to reference sites would decrease over the 

reclamation gradient. Plant communities were surveyed on 19 post-coalmine reclaimed and four native 

reference sites in central North Dakota mixed-grass prairie. Our results showed no differences in alpha or 

beta diversity and plant community patch size over the 40-year reclamation gradient. However, both 

alpha and beta diversity on reclaimed sites mimicked reference sites. Native species recruitment was 

limited due to an influx of invasive species such as Kentucky bluegrass (Poa pratensis) on both the 

reclaimed and reference sites. Species composition was different between reclaimed and reference sites. 

Plant composition dissimilarity on reclaimed sites increased with over 40 years. Plant communities 

resulting from reclamation followed non-equilibrium succession, even with consistent seeds mixes 

established across all reclaimed years. This suggests that post-reclamation management strategies are 

critical to determine species composition outcomes and that homogeneous land management may lead 

to decreased landscape-level diversity. 

Introduction 

Heterogeneity is an innate characteristic of rangelands due in part to disturbances of plant 

species diversity, productivity across multiple scales (Pattern and Ellis 1995; Fuhlendorf and Smeins 

1999; Fuhlendorf and Engle 2001), and often credited as the root of biological diversity (Christensen 
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1997; Fuhlendorf and Engle 2004). Heterogeneity should serve as the foundation for ecosystem 

management and be a priority in reclaimed landscapes (Wiens 1974; Christensen 1997; Fuhlendorf et al. 

2012). However, the importance of heterogeneity and spatial patterns is not historically acknowledged in 

disturbance and reclamation ecology (Fuhlendorf and Engle 2001). However, reclamation activities 

should enhance the development of the plant community by reclaiming a stable and functional plant 

community (Holl 2002; Hobbs et al. 2007; Alday et al. 2011) using alpha and beta diversity metrics.  

 A common goal of reclamation is to reconstruct the pattern of species richness found in remnant 

sites (Polley et al. 2005), and to arrive at a desired vegetative community by speeding up succession 

(Hobbes et al. 2007). However, reclamation sites are monitored primarily for the number of native/exotic 

species that are present, and less attention is given to measuring species evenness and spatial patterns. 

Recreating the patterns of plant species richness and abundances found in reference sites is difficult to 

achieve (Howe 1994) due to a poor understanding of the underlying mechanisms driving diversity in 

reclaimed communities (Polley et al. 2005). Research on patterns of both species richness and 

abundances in reclamation is limited (Kindscher and Tieszen 1998) and even fewer investigations focus 

on diversity changes across spatial scales. To begin and fully understand the factors controlling 

vegetation dynamics during reclamation, we first need to describe the patterns of richness and 

abundances that emerge through time (Pickett et al. 1985).   

The diversity/stability hypothesis suggests that increased diversity will enhance the development 

of the plant community, and increase the likelihood of a self-sustaining ecosystem (Hurd et al. 1971).  

Common metrics to gauge reclamation are alpha diversity and vegetation composition. The two 

components of alpha diversity (richness and evenness) may respond differently to ecological factors or 

across spatial scales (Wilson et al. 1996; Stirling and Wilsey 2001), resulting in a wider variety of 

vegetation to the ecosystem. In order to increase or maintain species richness over the long-term, a 

better understanding of the processes that promote equitability in species abundance is required (Polley 

et al. 2005). 

Understanding all factors driving diversity is necessary in heterogeneous native landscapes 

(Polley et. al 2005). Seasonal timing of disturbances could enhance beta diversity if species exploit 

disturbances at different times of the year (Questad and Foster 2008). Grazing disturbances can promote 
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homogeneous or heterogeneous landscapes depending on management strategies (Holechek et al. 

2003; Fuhlendorf and Engle 2004). Therefore, rangeland managers should focus more on reclaiming the 

heterogeneity characteristic within the landscape than on reclaiming the previous successional 

composition of grasslands post disturbance (Fuhlendorf and Smeins 1998).  

Many reclamation projects result from anthropogenic disturbances that cause a change in an 

ecological state in which disrupts the natural successional trajectories. Novel or anthropogenic 

communities result when species combinations, abundances, and changes in ecosystem functions exist, 

but do not occur naturally within a biome (Kirkpatrick 1994; Conacher and Conacher 1995; Hobbs et al. 

2007). This can often be a result of different disturbance regimes (i.e. fire, grazing and fossorial animals), 

which play significant roles in shaping patterns of alpha and beta diversity (Limb et al. 2010). Native 

diversity can be difficult to achieve due to the ecosystem’s lack of resistance to exotic species invasion 

with these different disturbance regimes (McIntyre et al. 1995; Moloney and Levin 1996; Li et al. 2006).  

Surface coal mining is a large-scale anthropogenic disturbance found on rangelands in the 

western United States. In surface mining, the original vegetation and soil structure is damaged. To 

achieve a successful reclamation, the soil needs to be remediated and the vegetation re-established 

(Bradshaw 1996); in order to focus on species composition and ecosystem sustainability (Holl 2002). The 

process of natural succession reveals that nature can achieve reclamation independently and develop 

desirable soil characteristics (Bradshaw 1996). The goal of mine-land reclamation is not necessarily to re-

construct the natural species composition, but rather to provide a stable and productive stand of perennial 

vegetation (Holl 2002). However, many reclaimed surface mine-land plant communities are found to be 

more productive and less diverse than the nearby undisturbed lands (Dangi et al 2011).  

The working assumption on reclaimed mine-land is that diversity will increase with time-since-

reclamation due to successional processes and species immigration from soil seedbanks and seed rain. 

Species may group according to variation in abiotic conditions, dispersal constraints, and community 

assembly history (Whittaker 1960; Belyea and Lancaster 1999; Chase 2003; Martin and Wilsey 2012). 

This suggests that a single stable equilibrium may be reached by species composition within a uniform 

environment, but show high beta diversity among environments (Chase 2003; Martin and Wilsey 2012). If 

the historical order of species establishment differs, then multiple stable equilibriums can form within 
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uniform environments, also generating high beta diversity (Drake 1991; Chase 2003; Martin and Wilsey 

2012). Differences in species dispersal may generate beta diversity where some species fail to reach all 

appropriate locations (Martin and Wilsey 2012).  

In this study, we used a chronosequence approach to characterize the change in plant 

community patterns that developed during a reclamation period of approximately 40 years on a surface 

coalmine. The objectives of this study were to evaluate: 1) small-scale vegetation patterns, 2) species 

composition, and 3) large-scale vegetation patterns across 40 years of reclamation. The working 

hypothesis is that both alpha and beta diversity, and species similarity to reference sites will increase with 

time since reclamation.   

Methods 

Experimental Design, Field and Lab Methods 

Research was conducted at BNI Coal in central North Dakota approximately 5 km southeast of 

Center in Oliver county, North Dakota (lat 47°6’54 “N long 101°18’1 “W). The site is a mixed-grass prairie 

in the Northern Great Plains ecoregion at 602-m elevation. The climate is semi-arid with a 30-year mean 

annual precipitation of 406 mm and the majority of precipitation occurs between mid-April to mid-

September (NDAWN 2015). The 30-year mean daily air temperatures range between 24°C in June to -16 

°C in January with a 120-day frost-free growing season (NDAWN 2015; WRCC 2015). The 2014 growing 

season had above-average precipitation (466 mm) with below-normal temperatures (17.2°C) (NDAWN 

2015; USDA NRCS 2015).   

We sampled plant communities among a chronosequence of 19 post-mine reclaimed and four 

intact native reference sites (reclamation year 1975, 1985, 1986, 1988, 1993, 1994 and 1997- 2010) in 

the summer of 2014 creating a time-since-reclamation gradient spanning nearly 40 years. The four native 

reference sites are classified as loamy, sandy loamy, thin loamy, and shallow loamy ecological sites 

(USDA NRCS 2015). Mine reclamation sites were leveled prior to seeding, contain minimal micro-

topography (<2-10% slope), and range from 2.4 to 34.8 ha in area. Soil was re-spread using a variety of 

Caterpillar equipment, such as D11 dozers, 657 scrapers, 16M and 24M patrol blades, 789 end dump 

trucks and Hitachi 2500 excavators. Re-spread depths of topsoil, and subsoil ranged from 61-121.9 cm. 
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Initial seed mix used in the reclamation process includes: western wheatgrass (Pascopyrum smithii), 

littlebluestem (Schizachyrium scoparium), big bluestem (Andropogon gerardii), sideoats grama 

(Bouteloua curtipendula), bluegrama grass (Bouteloua gracilis), and switchgrass (Panicum virgatum). 

Management strategies on the sites are a combination of season-long grazing and haying.  

We established two 70-m transects in each reclamation year and reference site with a minimum 

of 10-m between the two transects. Species composition and abundance were estimated using a 

modified Daubenmire frame at two-meter intervals along each transect in mid-summer (Daubenmire 

1959). Canopy cover estimates were utilized using a cover class (trace-1%, 1-2%, 2-5%, 5-10%, 10-20%, 

20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90-95% 95-98% 98-99% 99-100%). Species 

composition from each transect was compiled into a composite sample for the reclamation year. The 

midpoint values for each class were used for analysis.  

Statistical analysis 

Species richness, evenness, and alpha diversity (Simpson D) were subject to regression analysis 

(IBM SPSS 21) to determine relationships with time-since-reclamation. We complied data from the 36 

quadrats in each transect and averaged across the two transects in each reclamation year. The mean 

species composition among the two 70-m transects for each site were analyzed with nonmetric multi-

dimensional scaling (NMS) in PC-ORD 6.0. We used the Relative Sørensen distance measure in PC-

ORD autopilot mode, which conducts 250 runs with real data and 250 runs with randomized data. In the 

autopilot mode, PC-ORD selects the best-fit solution (lowest stress) in a possible one–six dimensional 

solution (McCune and Grace 2002). A Monte Carlo test comparing the real data to the randomized data 

was used to determine significance (McCune and Grace 2002). Additionally, community dissimilarity was 

determined using the Sørenson dissimilarity index. 

We calculated β-diversity (Whittaker 1972) (Equ. 1) for each transect and used regression 

procedures to determine the mean β-diversity for each reclamation year and time-since-reclamation. 

      β = γ/α          (2.1) 

Where 𝛾 is the total number of species, and 𝛼 is the mean number of species in alpha sample. The 

inherent small-scale dissimilarity of vegetation along with the average patch size and the highest mean 

dissimilarity between patches was determined using dissimilograms based on the Relative Sørensen 
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dissimilarity index in PC-ORD 6.0. The dissimilogram measures the dissimilarity of the quadrats along 

transects rather than the variance among the quadrats. We used the Gompertz asymptotic equation 

(Brownstein et al. 2012) (Equ. 2) for the dissimilogram analysis to fit a relation of the Relative Sørenson 

dissimilarities between quadrats as the dependent y-variable and their spatial distance apart (quadrat 

centers) as the independent x-variable. Each parameter a, b and c are fitted and e is Euler’s number. 

DSørenson = a ∙ e−b ∙ e(−c ∙ distance)
         (2.2) 

 The dissimilarity is calculated for the various lag distances and increases with increased lag distance to 

an asymptote at which no additional plant species variation exist.  

Similar to spatial patterns in vegetation composition, individual plants in close proximity are more 

likely to be similar than distant ones. Therefore, patterns of plant species composition represented with 

the dissimilogram can be interpreted similar to a spatial semivariogram (Mistral et al. 2000). We 

substituted the semi-variance with the dissimilarity and the range with patch size. The sill (a) is the 

measure of the maximum dissimilarity between quadrats (asymptote).       

The 90% dissimilarity (Lawrence Lodge et al. 2007; Roe et al. 2011; Meyers et al. 2014) value is 

90% of the theoretical lag distance that an asymptote is predicted and indicates the distance where 

dissimilarity becomes independent in space. The number of comparable locations diminishes with 

increased lags. Therefore, we used the 90% asymptote to estimate the lag distance to ensure adequate 

sample size. The corresponding lag distance with the 90% dissimilarity was used as an indication of 

mean plant community patch size. Low patchiness in the plot would be indicted by low mean dissimilarity, 

low inherent variability and large mean patch size. Relative plant community patch size on reclaimed 

lands over four decades indicates the landscape-level success of the current ecosystem-based 

reclamation strategy.   

Results 

Species Richness, Evenness, and Composition 

We recorded a total of 65 plant species across the 19 reclaimed and four reference sites. Species 

richness averaged 16 (12 min-23 max) per reclamation year and 17 (14 min - 22 max) per reference site. 

The data show that exotic species had a higher abundance than the native species over the 40 year 
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reclamation gradient (Fig. 1). Invasive species canopy cover dominated the overall plant community, 

ranging from 52% to 97%, with a mean of 83%, across all sites. In contrast, native species canopy cover 

ranged from < 1% to 56%, with a mean of 16%, across all sites. Grass cover was generally higher than 

forbs in the reclaimed areas; however, of those grasses, the majority of species are exotic. Exotic grasses 

dominated the reclaimed areas with an average of 72%, and reference areas also exhibited more exotic 

species compared to native grasses with the averages of 53% and 42% respectively. Plant species not in 

initial grass seed mix immigrated into the reclaimed sites and accounted for 94% of plant abundance as 

opposed to the initial grass seed mix that accounted for only 6% (Fig. 1). These relative plant abundances 

of immigrated and seeded plants were generally stationary across the chronosequence from 5 to 40 

years since reclamation. Vegetative species evenness did not differ over the 40-year reclamation 

gradient. Similarly, alpha diversity was stationary along the chronosequence averaging 0.67 (0.55 min - 

0.84 max).       

The NMS analysis indicated a three dimensional solution with a final stress of 7.15. Axis one is 

the strongest driver at 77% of the cumulative variability with all axes explaining 94% of the total variation. 

While Kentucky bluegrass was present in all reclamation years and reference locations, it was not a 

driving factor with values of 0.06, -0.04, and -0.02 along axis 1, 2 and 3 respectively (Fig. 2). Negative 

values along the primary axis in the NMS bi-plot (Fig. 2) show a strong relationship with scarlet 

globemallow (Sphaeralcea coccinea), and prairie rose (Rosa arkansana) contrary to positive values with 

a strong influence of cudweed sagewort (Artemisia Ludoviciana), blue grama (Bouteloua gracilis), other 

native grasses and reference sites. Overall, species composition on reclaimed sites was different than 

reference locations for all years. Further, dissimilarity did not decrease on older reclaimed sites, but rather 

increased with time since reclamation (Fig. 3).  

Beta Diversity and 90% Patch Size 

The data show no change (P> 0.05) in beta diversity over the reclamation gradient (Fig. 4a). Beta 

diversity averaged 1.8, and ranged between 0.9 and 2.7. Similarly, 90% patch size (0.66 - 2465.2) 

showed no relationship with time-since-reclamation (Fig. 4b).  

 



26 

 

  Figure 2.1:  Represents species richness (a) and relative 
abundances over a 40-year reclamation gradient. Exotic 
species are largely abundant compared to native in all sites 
(b). Grasses are dominant and reclaimed forbs show to be 
more abundant than reference forbs (c). Immigrated species 
show higher abundance than species initially planted in 
reclamation seed mix (d). Data collected from BNI Coal mine, 
Center, ND, USA (2014). 
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Figure 2.2: Non-metric multidimensional scaling ordination (NMS) of axis 1 
and 2 with regards to time, sites, and vegetation from BNI Coal mine, 
Center, ND, USA (2014). 
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Figure 2.3: Mean dissimilarity to reference sites at BNI Coal near Center, 
ND, USA. The increasing dissimilarity over the 40-year reclamation 
gradient suggests that the restored plant communities are displaying 
patterns of non-equilibrium succession. 



29 

 

 

  

Figure 2.4: Represents site beta diversity (a), and patch size (b) 
over a 40-year reclamation gradient and four reference sites 
taken from BNI Coal, ND (2014). (Two reference sites overlap in 

graphs)   
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Discussion 

Species Richness, Evenness, and Composition 

Increasing biodiversity is a common goal following anthropogenic disturbance. However, monitoring 

diversity is often limited to fine scales without consideration to larger-scale patterns. Vegetation 

monitoring at different spatial scales is needed for comprehensive management strategies and practices 

that will thrive over time (Cingolani et al. 2010) in order to decrease the potential for the establishment 

and success of invasive species. Plant species composition was different between reclaimed and 

reference sites, both fine- and large-scale diversity patterns on reclaimed sites closely mimicked 

reference sites across all years. However, the reference sites are not representative of native Northern 

Mixed Grass Prairie due abundance of exotic species. 

Time following reclamation (i.e., 40 years) showed minimal increases in species richness and 

native species recruitment. The most abundant plant species are those used in the original native seed 

mix, and Kentucky bluegrass, an exotic and invasive species present in all reclamation sites and the 

reference locations. Kentucky bluegrass can create a dominant herbaceous layer of both senesced and 

live stems that restricts native recruitment by altering nutrient cycles, water and sunlight availability, soil 

microbial processes from historic conditions (Vitousek 1990; Pritekel et al. 2006; Cavendar 2014) and 

increases in abundance with the lack of fire and herbivory (Grant et al. 2009). In past studies, plant 

community shifts were found due to the invasion of exotic aggressive species, and the plant community 

properties changed over 25 years since reclamation (Newman and Redente 2001; Bowen et al. 2005; 

Wick et al. 2011). Many surface mine reclamation efforts in the past focused on establishing rapid-

growing, non-native species that control erosion but may out compete shade intolerant native species 

(Holl 2002).  

A common concept with primary succession is that species richness will increase with time, 

particularly with anthropogenic assisted succession. Several reports state that native species re-colonize 

on surface mine sites in the eastern United States after 10 to 15 years of reclamation (Skousen et al. 

1994; Thompson et al. 1996; Rodrigue 2001). However, the time required to achieve a reclaimed native 

site varied widely across all studies. In a forested system, the species composition of the oldest reclaimed 

sites approached that of the non-disturbed forest, but some species are not present on reclaimed sites 
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(Holl 2002). In contrast to these studies, we found that both native and exotic species richness decreased 

with time-since-reclamation and remained steady across the 40-year reclamation gradient. Yet, 

dominance of non-native species increased with time as illustrated by an increase in plant community 

dissimilarity in older sites. A study conducted in central North Dakota found similar results stating that 

invasive species increased over time, resulting in increased diversity, and a decrease in production 

values on the studied site (Wick et. al 2011). 

Past research is highly variable with regards to species composition and vegetative diversity. A 

coalmine in southeastern Ohio showed results similar to our study, stating that little native recruitment 

had taken place after three decades since reclamation, and the most abundant species were invasive 

(Cavender 2014). Unlike community composition, the data collected in our study found plant species and 

alpha diversity on the reclaimed sites to be similar to those in the reference sites. Results from other 

research are conflicting with some reporting that plant species diversity is higher in reference sites than in 

restored prairies at all spatial scales studied (Polley 2005). Others are stating that the average number of 

plant species per transect is significantly lower in the reclaimed area than the native reference sites 

(Schladweiler et al. 2005). Studies show that alpha diversity decreased with time since reclamation 

(Kindscher and Tieszen 1998; Sluis 2002; Schladweiler et al. 2005), due to instances where native and 

annual species are overrun by exotic and perennial species.  

Beta Diversity and 90% Patch Size 

The surface coalmine disturbance began after vegetative species reached maturity. However, 

due to the extreme nature of mining disturbances, the study was homogenously re-spread with soil and 

re-seeded with a native vegetation mix. This resulted in homogeneous soil depths and plant composition 

on the landscape over a 40-year reclamation gradient. Creating beta diversity may be unattainable in 

reclamation if there is exposure to an exotic species dominance (Martin and Wilsey 2012) and 

homogeneous landscapes. Though, establishing native species before the exotics emerge is critical for 

reclaiming diverse native prairie communities where perennial exotics are present (Martin and Wilsey 

2012). Multiple stable states can rise within uniform environments generating high beta diversity, if the 

species historical arrival order differs (Drake 1991; Chase 2003) and beta diversity could increase if the 

seasonal timing of disturbance is varied over the growing season (Questad and Foster 2008; Limb et al. 
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2010; Martin and Wilsey 2012). Differences in early-emerging species could increase beta diversity if 

species establish from other functional groups more readily than their own (Diamond 1975; Fox 1987; 

Gotelli and McCabe 2002; Martin and Wilsey 2012). It is hypothesized that early establishing species can 

adjust local abiotic conditions and affect community composition (Bazzaz 1996; Martin and Wilsey 2012). 

Natural succession is commonly reported to take 50 to 100 years to recover before a satisfactory 

vegetation develops especially on reclaimed coalmine sites (Bradshaw 1996; Dobson et al. 1997).  

Management Implications 

Proper post-reclamation management strategies play an important role in achieving succession, 

and stability on the newly developing plant community (Sindelar and Plantenberg 1978). To complete 

reclamation on mine-lands, species diversity requires practices and techniques that limit the distribution 

or abundances of dominant species (Howe 1994), increase species numbers, and decrease uniformity of 

the seed mixtures (Polley et al. 2005). Management strategies on the sites were season-long grazing or 

seasonal haying. No differences were observed between the management strategies, vegetation 

composition, and time. However, both management strategies on our sites are relatively homogeneous, 

which may also account for homogenous vegetation.  

Conclusion 

  Our study found no change in species richness, alpha and beta diversity, and patch size over the 

40-year reclamation gradient. The study area was dominated by invasive, exotic species even after 40-

years of reclamation, illustrating how homogeneous reclamation efforts followed by homogeneous 

management practices may not result in heterogeneous native plant communities. Determining an 

outcome on reclaimed ecosystems is difficult to achieve, because of the species recruitment and the 

changes in vegetation composition is constantly changing on mine-lands (Wick et. al 2011).  Following 

reclamation with proper management strategies emphasizing on minimizing invasive species may be the 

key to a successful ecosystem recovery. 
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CHAPTER 3: A 40-YEAR CHRONOSEQUENCE OF SOIL PROPERTIES ON 

RECLAIMED SURFACE COAL MINELANDS 

Abstract 

Reclamation following anthropogenic disturbance often aims to restore stable soils that support 

productive and diverse native plant communities. Land reclamation regulations dictate the re-spread soil 

depths and grades as well as seed mixes, vegetation production standards and timelines. The soil re-

spread process increases soil compaction, which may alter soil water, plant composition, rooting depths 

and soil organic matter. This may have a direct impact on vegetation establishment and species 

recruitment over time. Our objectives were to 1) quantify changes in soil compaction with regards to 

vegetation rooting depths, and 2) evaluate patterns of soil water across a 40-year reclamation gradient. 

We hypothesized that soil compaction would decrease with time since reclamation, vegetative rooting 

depth and soil water heterogeneity would increase over the 40-year reclamation gradient. Rooting depth, 

soil compaction, water content, and organic matter were recorded at 19 reclaimed and one native 

reference site in central North Dakota mixed-grass prairie. We determined soil compaction, rooting depths 

and organic matter data using a non-linear regression model. Soil water content range was analyzed 

using the SAS and GS+ programs to determine the range of an isotropic variogram model for each 

reclamation year. We rejected our hypothesis as soil compaction properties stayed steady over the 40 

year reclamation gradient. This indicates that there is a lack of natural processes taking place in the soil 

to decrease compaction within 40 years. Soil sustainability on reclaimed lands over four decades will 

indicate the landscape-level success of the current ecosystem-based current reclamation strategy. 

Keywords: Surface coalmine, compaction, rangelands, reclaimed soils  

Introduction 

Surface coalmine reclaimed soils are developing on anthropogenically-altered landscapes and 

are pedologically young due to the excessive removal and re-spread of the soil horizons (Sencindiver & 

Ammons 2000). The mining and reclamation process is an extensive procedure, and reclamation success 

is largely determined by comparisons of above ground vegetative cover, species diversity, and 
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productivity between reclaimed and undisturbed reference areas (Schumann et al. 1999; Ries & Nilson 

2000; Wick 2007). Following coal extraction and the reclamation process, reclaimed lands in the western 

United States of America are placed into a performance bond for a minimum of 10 years (SMCA 1977) 

until predetermined soil and vegetation parameters are satisfied. Once the land succeeds limitations, the 

land can be released back to previous land owners (SMCRA 1977). Even though the reclaimed land 

meets expectations, this does not mean the success of the ecosystem is performing at full potential. 

Below ground structure and function is largely overlooked in reclamation (Dangi et al. 2011), and 

therefore research is greatly needed in reclamation for a successful recovery of the ecosystem.  

 Following the mining process, heavy machinery such as Caterpillar (CAT) D11 dozers, 657 

scrapers, 16M and 24M patrol blades, 789 end dump trucks and a Hitachi 2500 excavator are used to 

transport soil, applying this severe pressure during the reclamation process causes soil compaction 

(McSweeney & Jansen 1984, Chong et al. 1986; Chong & Cowsert 1997). The principal causes of 

compaction on reclaimed soils are from the applied normal and shear stresses of industrial equipment 

and trafficking (Mulholland & Fullen 1991; Davies et al. 1992; Milne & Haynes 2004; Batey & McKenzie 

2006; Sinnett et al. 2006; Batey 2009). Compaction can occur on the surface or at greater depths (Batey 

2009). These industrial activities severely impacts the soil health and productivity causing soil compaction 

at depths greater than one meter that persist up to 30 years (Spoor 2006; Batey 2009). The compaction 

manifests as higher bulk density, little to no soil structure, lower porosity, water holding capacity, 

infiltration rates, and shallower rooting depths than that of undisturbed, unmined reference sites 

(Indorante et al 1981; Thurman and Sencindiver 1986; Dunker & Barnhisel 2000; Shukla et al 2004a). 

This results in higher resistance to root penetration and reduced root elongation (Fehrenbacher et al. 

1982; Thompson et al. 1987; Bradshaw 1996; Chong & Cowsert 1997). Compaction is intensified by low 

soil organic matter content, which can limit the rooting depth of the vegetation covering the soil by the use 

heavy equipment at high soil moisture contents (Batey 2009).   

 Soil on an intact native range is usually very heterogeneous and considered to have strong and 

distinct structure (Taylor & Brar 1991), but in surface coal mining the vegetation cover and soil structure is 

damaged by the mining process. Soil is then replaced homogeneously during the reclamation process. 

The goal of reclamation is to reconstruct reclaimed sites in a manner that maximizes the rate of soil 
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development (Jansen 1981; Shukla et al. 2004b), and establishes adequate vegetation over time, 

returning the land back to the original heterogeneous state. Vegetation on mine sites play a vital role in 

improving the physical, chemical and biological properties of reclaimed sites (Bradshaw 1987). Above 

ground vegetation mimics below ground characteristics with regards to soil water regimes and conditions 

(Shukla et al. 2004b). Different plant species require different water supply rates, so having spatially 

heterogeneous soil water conditions can aid in producing heterogeneous plant communities (Bowen 

2005). Additionally, adequate vegetation cover and production increases water infiltration rates and soil 

structure by plant roots, further developing a heterogeneous landscape (Bowen 2005).  

Reclamation of soil compaction and initiating soil development can be left to natural processes 

such as vegetation establishment, and freeze-thaw cycles. However, the natural succession process is 

time consuming, and can take many decades before an acceptable vegetation cover establishes 

(Bradshaw 1996). Time since reclamation, antecedent soil properties, vegetation, and management may 

also affect the outcome of the reclamation process (Merrill et al. 1998; Ussirri et al. 2006). Therefore, our 

study evaluated soil compaction and ecosystem functions within reclaimed mine sites following 40 years 

of reclamation. The objectives for this study are to (1) determine the effect of soil compaction over a 40-

year reclamation gradient, (2) evaluate the effect of rooting depth on compacted soils found on reclaimed 

mine sites, and (3) distinguish the spatial patterns of soil water contents. Hypotheses for this study are 

soil compaction and spatial patterns of soil water content will decrease, and vegetation rooting depths will 

increase over the 40 year reclamation gradient.  

Methods 

Experimental Design, Field and Lab Methods 
 

Research was conducted at BNI Coal in central North Dakota approximately 5 km southeast of 

the town of Center in Oliver county (lat. 47°6’54 “N long 101°18’1 “W). The site is characterized as a 

mixed-grass prairie in the Northern Great Plains ecoregion at 602m elevation. The pre-mining soils found 

on the study sites fall into the great groups of Argiustolls, Haplustolls, and Haplustalfs (USDA Soil Web 

Survey 2016), and are considered to be loamy ecological sites after reclamation. The climate is semi-arid 

with annual average precipitation at 406.4 mm, the majority of which occurs from mid-April to mid-

September. Average daily temperatures range between 22.8°C in early June to -16.7°C in January with a 
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mean temperature of 21.1°C. The frost-free growing season generally ranges from 110-130 days 

(NDAWN 2015; WRCC 2015).  

Soil data was collected in the summer of 2015 among a chronosequence of 19 post-mine 

reclaimed and one intact native reference site (reclamation year 1975, 1985, 1986, 1988, 1993, 1994 and 

1997- 2010) creating a time-since-reclamation gradient spanning 40 years. The native reference site used 

in this experiment is classified as a loamy ecological site (USDA NRCS 2015). Reclaimed topsoil and 

subsoil were individually stockpiled until respread in reclamation. The reclamation process took place in 

each respective year, and each reclaimed year had top and subsoil respreads depths ranging between 61 

and 121.9 cm. Mine reclamation sites were mechanically leveled prior to seeding using large CAT and 

Hitachi equipment, contain minimal micro-topography (<2-10% slope), and range from 2.4 to 34.8 ha in 

area. Post-reclamation management strategies on the sites are a combination of season-long grazing and 

haying.  

Two 70-m transects were established in each reclamation year and reference site with a 

minimum of 10-m between the two transects. Soil penetrometer resistance (a measure of soil compaction 

and soil shear strength) was measured with a dynamic cone penetrometer at six regular intervals along 

one of the 70-meter transects. Penetration resistance was taken to a depth of 77 cm at each interval. 

Three, 154 cm deep soil cores were collected at every 14th meter interval along one 70-m transect using a 

Geoprobe 9800E to measure root biomass. Soil core length of 154cm was used to insure all re-spread 

depths were exceeded in all sites. Roots were then washed and oven dried (50°C) to a constant weight 

before being weighed in grams. Soil organic matter samples were collected at the same 14 meter 

intervals along one 70 m transect, at a depth of 0 to 15 cm. These soil samples were evaluated using the 

loss of ignition method (NDSU Soils Testing Lab).  Lastly, soil water content range was measured at two 

meter regular intervals along both transects in each reclamation year. Data was recorded at two separate 

time intervals during the growing season (near field capacity and moderately dry conditions) using a 

Decegon G.S.3 sensor operating at 70 mh (Decagon).  
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Statistical Analysis 

Penetrometer, rooting biomass and organic matter was evaluated across years using regression 

procedures (IMB SPSS 21). Penetration resistance is calculated as the soils resistance to halt work being 

done by the penetrometer divided by the distance traveled by penetrometer:  

𝑅𝑠 =
𝑊𝑠

𝑃𝑑
       (3.1) 

 

where Rs is the soil resistance (N), Ws is the work done by the penetrometer (J), and Pd is the distance 

the penetrometer traveled through the soil (equation 1) (Herrick & Jones 2001). Work equals the kinetic 

energy that is transferred to the cone from when the hammer strikes the strike plate. The mass of the 

penetrometer’s drop weight is traveling at a velocity (v) 3.13 m s-1 when hitting strike plate.  

𝑣 =  √𝑣0
2 + 2𝑎(𝑥) = 3.13𝑚𝑠−1    (3.2) 

 
Where  v0 is the velocity at time 0 (0m s -1), a is the acceleration due to gravity ( 9.81 ms-2) and x is the 

change in height (0.5 m)(equation 2). Kinetic energy (KE) is then measured for the hammer of a 6.80 kg 

falling 50 cm is 3.4 (J) (equation 3). Kinetic energy (KE) was then substituted for Ws in equation 1. 

𝐾𝐸 = 𝑊𝑠 =
1

2 
𝑚𝑣2 = 12.5 𝐽     (3.3) 

 
 

In addition to evaluation across reclamation years using regression analysis, root biomass was 

analyzed by depth within year using the general linear model ANOVA with Tukey’s B means separation 

and assuming measurement locations within a reclamation years were not spatially independent (IBM 

SPSS 21). Soil water content range was first averaged across both sample interval and then analyzed 

using the Statistical Analysis Software (SAS), and Geostatistics for the Environmental Science programs 

(GS+ 10) to determine the range of an isotropic variogram model for each reclamation year. 

Semivariograms were constructed and the nugget, sill, and range parameters were inversely 

parameterized using a nonlinear least squares procedure (Burnham & Anderson 2011).  Semivariograms 

were fitted with either exponential, Gaussian, spherical, sine whole effect, cubic, or matern models based 

on best fit using Akaike's Information Criterion (AIC). The nugget is described as the y-intercept, sill is the 

model asymptote for bound models and 95% of the sample variance as the limit approaches infinity for 
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transitional models, and the range is the separation, or lag distance over which spatial dependence is 

apparent (Beauchemin 2013). 

Results 

Soil Compaction 

 Penetrometer resistance did not change over the 40-year reclamation gradient (P>0.05) (Figure 

1). Soil compaction slightly decreased in the top 15 cm, but stayed stationary across times in depths 

between 15 and 45 cm. Compaction then tends to increase with time at depths greater than 45 cm within 

the soil profile (Figure 2).   

Root Biomass and Organic Matter 

Root biomass data showed no positive relationship (P>0.05) by rooting density per year. 

However, there was a substantial inverse relationship of rooting density and biomass constant over all 

reclamation years. The reference site root biomass is the highest compared to the reclaimed sites (Figure 

3). Soil organic matter (SOM) was abundant on sites ranging from 3.5% to 5.4% on reclaimed sites and 

5.1% to 6.8% on reference sites however, SOM showed no differences with time-since-reclamation 

(Figure 3). Root biomass in the top 15 cm is substantially larger than root biomass after 15 cm depth 

 (Figure 4). No relationship between rooting biomass and compaction over the reclamation gradient 

existed, indicating soil compaction is not decreasing and vegetative roots are not penetrating the 

compaction layers well as time progresses (Figure 5).  

Soil Water Content 

Soil water content (SWC) range is increasing with time (Figure 6) indicating that surface soil 

homogeneity is increasing as time progresses from initial reclamation. The majority of the variograms fit 

the sine-hole effect using SAS. The smaller the SWC range, the more heterogeneous the vegetation and 

soil properties of the landscape will be until a pure nugget effect is evident. The larger the SWC range the 

more homogeneous the landscape and dependent on topographic or rainfall patterns; not vegetative 

patterns. The benefit of having a smaller SWC range is that the soil properties and conditions can 

consume heavy rain events more efficiently.  
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Figure 3.1: Soil profile averaged penetration resistance as a metric of soil 
compaction over a 40-year reclamation gradient. Older sites would be expected to 
have less compaction due to physical processes breaking down compaction over 
time.  No trend found.  Data collected in the summer of 2015 at BNI Coal, Center, 
ND. 
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Figure 3.2: Depth averaged penetration resistance as a metric of soil compaction over 
the 40 year reclamation gradient. We would expect compaction to be decreasing 
overtime, yet data shows no trend. Data collected at BNI Coal, Center, ND. 
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Figure 3.3: Total root biomass and organic matter (0-15 cm) composite sample 
per reclamation year. Older sites expected to have more root biomass and 
organic matter, however, root biomass seem to be decreasing over 40 years.  
Data collected at BNI Coal, Center, ND. 
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Figure 3.4: Root biomass (g) by soil depth. The farther down the soil profile, the less 
root biomass found. Data collected at BNI Coal, Center, ND. 
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Figure 3.5: Root biomass (g) with regards to soil profile averaged penetration 
resistance. Older sites expected to have higher root biomass, and less soil strength. No 
trend found. Data collected at BNI Coal, Center, ND. 
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  Figure 3.6: Soil water content (SWC) range over 40 years of reclamation. Expect graph to 
decrease over time, however, due to homogeneity of landscape vegetation, management 
and soil properties, SWC range is increasing. Data collected in 2015 at BNI Coal, Center, 
ND.   
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Discussion 

Soil Compaction 

Soil compaction is commonly found following anthropogenic disturbances that can inhibit 

hydrologic activity and vegetation growth. However, finding economical and feasible procedures to reduce 

compaction is limited in reclamation due to large equipment needed to re-spread soil. This study 

evaluated metrics of soil compaction, plant rooting, and the presence of soil water patterns across a 40-

year reclamation gradient to determine if biotic process will improve soil conditions. Soil compaction did 

not decrease over time, but rather steadily persisted across the 40-year reclamation gradient. Slow soil 

development due to limited soil structure is common on reclaimed site with reports of soil compaction 

being a major limitation to post-mining productivity 28 years after reclamation (Akala & Lal 2000) with the 

use of heavy equipment.  

Root Biomass 

  No significance was found for rooting depth over the chronosequence, meaning roots are not 

penetrating the compaction layers as time proceeds from initial reclamation. This is possibly due to the 

smaller diameter and type of roots in which are penetrating the soil. Soil resistance to root penetration is a 

measure of soil strength by compaction (Taylor 1971; Mason et al. 1988; Panayiotopoulos et al. 1994; 

Hamza & Anderson 2001, 2003). Root growth can be prevented if the soil strength is sufficient (Barley et 

al. 1965, Thompson 1987), but planting strong, thick diameter root vegetation and accumulating organic 

matter can reduce severe soil compaction over time (Bradshaw 1997).  

Root biomass at depths vary in the literature with prior research suggesting that compacted 

reclaimed soils have significantly higher penetration resistance than the reference soils throughout the 

profile indicating the potential for restricted root growth (Bengough et al. 2011). However, some roots in a 

compacted layer may still be able to elongate, but at a reduced rate due to the mechanical resistance and 

navigation through small pores (Targieu 1994). Because little anthropogenic disturbance occurred 20 

years after reclamation, root biomass improved soil structure, decreased compaction, and increased 

porosity of the reclaimed soils (Thompson et al. 1987; Thomas et al 2000). Data show reclaimed soils 

over 70 years old have deeper rooting depths, weaker soil structures, and stronger compaction than 

native soils (Smith et al 1971; Thomas et al. 2000) because of accelerated physical weathering and 
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increase of organic materials during reclamation (Sencindiver & Ammons in press). Loose zones, cracks 

and soil macro fauna channels are preferential to roots because they provide areas of low resistance for 

roots to elongate (Targieu 1994), though, changing the root system will not necessarily cause a shift in 

above-ground growth (Taylor & Brar 1991). Much of this previous data is found in the northern 

hemisphere, where prominent freeze thaw cycles and adequate rainfall occur for native rangelands.  

Soil Water Content 

The SWC range increases over time, suggesting that the near-surface hydrology of the reclaimed 

landscape is becoming more homogeneous. Unpublished data by Bohrer et al. found that the vegetation 

on these sites are also becoming more homogeneous over time, which would explain the homogenous 

soil water content range. Soil compaction restricts hydrologic processes that inhibit water and air 

movement through the soil, impeding root and plant growth (Gifford et al 1977; Thompson et al 1987; 

Lipiec et al. 2002; Hamza & Anderson 2005). Infiltration rates and vegetation cover or standing biomass 

are typically are positively correlated (Rauzi et al. 1968; Thurow et al. 1988a; Blackburn et al. 1992). 

Adverse soil conditions such as poor soil structure, compaction, low soil organic matter content, and low 

water retention often limit vegetation establishment, and constrain reclaimed sites to a homogeneous 

landscape (Ussiri et al 2006). 

Organic Matter 

High infiltration rates and water retention in undisturbed forest compared to reclaimed mine sites 

may be accredited to the low soil compaction, high porosity, high soil organic matter and larger quantities 

of macro soil fauna (Wuest 2001). Organic matter additions are known to increase infiltration rate, and 

water retention (Benbi et al. 1998), while decreasing bulk density and compaction (Schjonning et al. 1994; 

Watts & Dexter 1998; Hatley et al. 2005). Organic matter levels observed in the analysis were abundant 

and not considered a limiting factor for plant productivity and soil health. An earlier study found that during 

a 20-year reclamation period, reclaimed mine soils accumulated large amounts of organic matter that 

account for the structural development in the mine soils. (Underwood & Smeck 2002). Reclaimed plant 

communities that are more productive than native communities (Wick et al. 2007) could result in greater 

contributions of organic matter to the soil (Stahl et al. 2003; Wick et al. 2008). 
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Management Implications 

Management strategies that aim to increase soil function, sustainability, native vegetation stands 

and overall ecosystem health should be the main focus in post-reclamation. Previously there has not 

been a practical way of re-aggregating soil particles for better rooting depths, except by biological means. 

However, a mechanical management strategy that may help decrease soil compaction and increase 

rooting depth on mine reclamation sites is soil ripping. Soil ripping uses deep tines to an approximate 

depth of 75 cm, however, the operation is costly (Bradshaw 1997) and can lead to the reversal of soil 

structure in non-reclamation sites absent of severe soil compaction. Ensuring vigorous plant growth for 

proper organic matter is an important concept for suitable soil structure. Root penetration in a variety of 

vegetative species has been shown to correlate with an increase in root diameter (Materechera et al. 

1991; Targieu 1994). Planting a variety of native species, forbs and grasses, may help with soil 

compaction on reclaimed sites. Physical processes such as freeze thaw cycles, wetting-drying cycles will 

gradually alleviate soil compaction on reclaimed lands, but on many sites the severity of the compaction 

may be a limiting factor (Bradshaw 1997). Using cultivation, deep ripping, or adding a mulch mixture to 

prepare a proper seed bed for vegetation may be essential to kick start the successful reclamation of 

respreads mine soils.  

Conclusion 

 Soil compaction remained prominent in soils even after 40 years since reclamation. Vegetative 

roots are not thick, or effectively penetrate the compaction layers to increase rooting depths of above 

ground vegetation and create heterogeneous soil water content regimes on the landscape. Incorporating 

soil ripping and mulching mechanisms within the soil profile may help speed up the alleviation of soil 

compaction and development of a heterogeneous functional landscape. Increasing vegetative diversity 

above ground may also play a key role in changing the below ground properties to decrease compaction 

and return these mined lands back to native production rangelands within a timely manner.    
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