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ABSTRACT 

Revegetation of mine waste rock is an important aspect of mine site reclamation but is 

often limited by factors such as poor nutrient status. One critical limiting nutrient is phosphorus, 

whose availability to plants is dependent upon multiple biogeochemical factors. The objective of 

this study is to evaluate associations between the availability of phosphorus and plant 

establishment during mine waste rock revegetation at the Carlota Copper Mine in Miami, 

Arizona. This study quantifies bioavailable phosphorus (AP) on hydroseeded and bare mine 

waste rock slopes. The parameters of pH, electrical conductivity (EC), DNA biomass, and the 

rhizosphere influence of shrubs and grasses are explored individually and with reference to AP. 

Undisturbed areas set the standard for natural phosphorus availability. Undisturbed areas had 

significantly higher levels of AP and DNA biomass and lower pH than the waste rock. Shrub 

rhizospheres contained significantly higher levels of AP, DNA Biomass and EC than grass 

rhizospheres. Significant correlations between AP and pH and between AP and DNA Biomass 

were found. Phosphorus availability on the waste rock slopes associates not only with plant 

establishment but several biogeochemical parameters as well, indicating the importance of a 

multi-faceted approach to addressing soil fertility during degraded land recovery.  
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1.0 INTRODUCTION 

1.1 Mining Waste and its Consequences 

The management of mining waste is a critical operation all over the world. In the United 

States alone, mining activities from over 130,000 non-coal mines are estimated to produce 

between 1000 and 2000 million tons of mining waste annually and were found to be responsible 

for polluting over 5470 miles of streams and over 440,000 acres of land (Szczepańska and 

Twardowska, 2004). Similar situations exist in many countries, but data on the current amount of 

mining waste worldwide is limited, especially in countries with the highest mining output such 

as China and India. 

Mining waste can be defined as the high-volume material that originates from excavation 

and further processing of minerals (Szczepańska and Twardowska, 2004). There are several 

different types of mine waste, but the two types present in the highest volume are tailings and 

waste rock. Tailings refer to a slurry of materials that remain after the extraction and 

beneficiation of ores (Mendez and Maier, 2008). Tailings often exhibit high concentrations of 

toxic metals such as arsenic and cadmium. Tailings can be further characterized by deviations 

from optimum soil pH and very low to no organic matter and nutrients (Mendez and Maier, 

2008). 

 Waste rock refers to rock material that does not contain sufficient target minerals or 

metals for the company to further process. Waste rock is commonly managed by the company 

hauling the material to a permanent storage location and disposed of in surface level stockpiles. 

These stockpiles can be enormous and often contain more than 500 million cubic meters of 

coarse-grained waste material (Brusierre, 2007). Though not subject to heavy metal toxicity like 

mine tailings, optimal mine reclamation includes waste rock revegetation due to the large 
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expanses of degraded land occupied by this waste material. Waste rock material is characterized 

by poor water-holding capacity, low nutrient levels, non-optimal pH, and high susceptibility to 

erosion. Additionally, waste rock stockpiles are a heterogenous mixture of various rock materials 

and this leads to further difficulties in assessing the quality of the material (Brusierre, 2007). 

One of the major risks that mismanaged or unreclaimed mining wastes pose to human 

health is human exposure to soil or water that is contaminated with toxic metals. For example, 

the 2015 Gold King Mine Spill resulted in the release of 3 million gallons of acidic mine 

drainage that contained a number of heavy metals such as arsenic into the San Juan and Colorado 

rivers (Chief et al., 2016). This accident, which stemmed from the abandoned Gold King Mine in 

Colorado, could be attributed to the lack of regulations on mining operations prior to the 1970’s. 

In the United States alone, there are approximately 500,000 abandoned mines that continue to act 

as a threat to the environment and to human health (Bureau of Land Management, 2018). 

In order to address the great environmental damage that mining activity creates and begin 

recovering the large amounts of degraded mine land, there is a great necessity for sustainable and 

long-lasting reclamation practices. This thesis is specifically focused on the evaluation of 

biogeochemical and environmental factors that affect phosphorus availability on mine waste rock 

stockpiles undergoing revegetation at the Carlota Copper Mine in Miami, Arizona.  Knowledge 

of the abiotic and biotic factors involved in nutrient availability and its association with plant 

establishment on degraded mining land will provide insight that can be incorporated into mine 

waste management practices. 

 
1.2 Revegetation Challenges : Unique Difficulties in Desert Climates 

         Due to the poor quality of waste rock, plant establishment and growth is difficult to 

attain. As the Carlota Copper Mine is located in Miami, Arizona, revegetation is greatly hindered 
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due to the harsh arid climate of the Sonoran Desert. Factors such as low precipitation, high 

winds, and extreme temperatures can exacerbate the poor conditions that the vegetation must 

overcome in order to establish and survive (Mendez and Maier, 2008). 

         Succession is the change of species composition over time on land that has been 

disturbed to the point in which few to no organisms are left (Walker and Moral, 2008). This is 

certainly the case for mine waste rock and therefore is important to understand in order to adjust 

expectations of what the revegetation process will look like. There have been many studies of 

plant succession including environments such as volcanoes and glacial moraines (Walker and 

Moral, 2008), but very few conducted in desert habitats. There are many aspects of desert plant 

communities that raise questions to what succession looks like in the desert. For example, annual 

plants occur throughout succession in deserts as opposed to only initially in temperate regions 

because annuals are prominent in mature desert communities (Abella, 2010). Also, the rate at 

which succession occurs in arid and semiarid regions has been shown to be affected by drought, 

animal grazing, and the degree of disturbance (Knapp, 1992). Because there is so much debate 

on how succession occurs in desert habitats, it is difficult to track the revegetation progress. 

Additionally, to revegetate degraded land under such difficult climatic conditions, it is 

even more imperative than usual to select plant species that are native to the environment. Native 

species are either already adapted to the environmental conditions or they are disturbance 

adapted and do well during the first few years of revegetation (Anderson and Ostler, 2002). 

Introducing non-native species often leads to one or two of the species becoming invasive and 

outcompeting the rest of the species present. Strong competition from invasive species has been 

shown to decrease the species richness and biodiversity of plant communities that the 

revegetation process attempts to create (Hejda et al., 2009). In a plant community that is already 
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subject to many abiotic stresses, intense competition could lead to the extinction of many 

species. 

Lastly, microbial diversity in arid environments is poorly categorized and thought to be 

strongly influenced by both abiotic factors such as extreme fluctuations in temperatures and UV 

irradiation and biotic factors such as species composition (Andrew et al., 2012). As primary 

succession of plant communities begins with the establishment of microbial populations that 

increase the nutrient availability for later organisms, the lack of knowledge available on 

microbial community recovery and diversity in arid climates hinders the ability to fully 

understand many associated ecological processes. In essence, arid and desert regions represent 

the single largest terrestrial ecosystem in terms of surface area (Andrew et al., 2012), but little is 

known about how communities in these regions recover from disturbances in terms of both plant 

and microbial species. 

1.3 Phosphorus: Functions in Plants 

         Phosphorus is the second most important element after nitrogen as a mineral nutrient in 

terms of quantitative plant requirement (Sharma et al., 2013). Its functions cannot be performed 

by any other nutrient, and an adequate supply of phosphorus is required for optimum growth and 

reproduction. Phosphorus is also classified as a major nutrient, as it is frequently deficient for 

crop production and is required by crops in relatively large amounts (International Plant 

Nutrition Institute, 1999). 

         One of the most unique aspects of phosphorus is that it is an essential component of both 

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) structure. The role of phosphate in 

DNA and RNA is to form, together with a pentose sugar, the backbone of the molecule. It links 

the nucleotides together to form DNA and RNA (Butusov et al., 2013). Due to this role, 
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phosphorus in turn dictates two extremely important functions within the plant: (1) storage and 

transfer of genetic information and (2) synthesis of proteins.  Without an adequate supply of 

phosphorus, the plant is unable to transfer genetic information from one generation to the next, 

undergo cell division to form new tissues, or produce key structural proteins and functional 

enzymes to perform vital physiological functions (University of Nebraska-Lincoln, 1999). 

         Additionally, phosphorus is an essential component of adenosine triphosphate (ATP), the 

“energy unit” of living cells.  ATP is a coenzyme that carries out most of the intracellular energy 

transport and releases a relatively large amount of energy upon hydrolysis of the bond between 

two phosphate groups (Butusov et al., 2013). While ATP is crucial to all living organisms, it is 

especially important to plant cells as it is formed during photosynthesis to provide energy for 

virtually all major metabolic processes such as membrane synthesis, carbon fixation, cellular 

respiration, signal transduction, and macromolecular biosynthesis (Sharma et al., 2013). 

         Other roles that phosphorus plays within plant development include aiding in seed 

formation, forming the primordia of plant reproductive parts, and spurring early maturation of 

crops. Additionally, it has been shown to play a significant role in increasing root ramification 

and strength thereby imparting vitality and disease resistance capacity to plant (Sharma et al., 

2013). 

With phosphorus being required for so many critical processes in the plant from the 

beginning of seedling growth through to maturity (Ross et al., 2018), the consequences of 

phosphorus deficiencies are dire. Poor availability of phosphorus reduces growth and 

consequently plant size, causing deep concern in agriculture. For example, inadequate 

phosphorus levels in soil can depress crop yields by up to 5–15 % of the maximum (Aziz et al., 

2013). Consequently, phosphorus availability is a factor that should be considered during 
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revegetation of mine waste rock as well as other degraded lands. As mine waste rock is 

characteristically poor in nutrients, phosphorus deficiency should be detected and plans to make 

amendments should be made in the early stages of reclamation in order to achieve revegetation 

success efficiently. 

1.4 Phosphorus: Forms of Phosphorus in Soil 

There are three major categories of phosphorus that exist in soils. A schematic of the 

three categories is included below for reference. 

ORGANIC P  NON-LABILE INORGANIC P  INORGANIC, SOLUBLE P 

The first category is organic phosphorus (Po) that is unavailable to plants. This category 

accounts for approximately 50% of total soil phosphorus and can constitute up to 80% of 

phosphorus in pasture soils (McLaughlin et al., 1988). The majority of Po is found in the forms of 

inositol phosphates and their metal-ion derivatives (Richardson, 2001), but microbial biomass 

also contributes through phospholipids, nucleic acids, and sugar phosphates (Menzies, 2009). 

The lability of organic phosphorus varies and greatly depends on the organic moiety to which the 

phosphate is bound. 

The second category of soils is non-labile, inorganic P. Although inorganic, plants cannot 

utilize these forms of phosphorus because they are bound to various compounds in the soil 

through fixation. Fixation describes reactions that remove available phosphate from the soil 

solution into the soil solid phase.  In acidic soils, inorganic phosphorus is fixed by hydrous 

oxides of iron, aluminum, and manganese. In basic soils, inorganic phosphorus can be fixed by 

calcium to form calcium phosphates (University of Nebraska-Lincoln, 1999). While these forms 

are not directly available to plants, they are of importance in fertility because they are an indirect 

source of the soluble forms (Bray et al., 1945). 
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The third category of soils is soluble, inorganic P (Pi). Plants exclusively derive their 

phosphorus from this category of phosphorus; predominantly present as orthophosphates H2PO4
 -

1 and HPO4
-2. This pool of plant available phosphorus is extremely small, around 0.1% of total 

phosphorus, and must be replenished regularly to meet plant requirements (Bieleski, 1973). 

 In essence, although total phosphorus is abundant in soils, the majority of the total 

phosphorus is Po and therefore insoluble, making it unavailable for uptake by plant roots. In 

contrast to nitrogen, phosphorus cannot be biologically fixed from the atmosphere and has to be 

supplied to plants through the application of fertilizer. The problem lies in the recovery of 

phosphorus from fertilizer. Only about 10~20% of the applied phosphorus is obtained by plants 

in the year of application, with the majority of applied phosphorus quickly becoming fixed into 

non-labile forms (McLaughlin et al., 1988). 

1.5 Rhizosphere Effects on Phosphorus Cycling: Plant Root Exudates 

Plant rhizospheres contribute to the phosphorus cycle by supporting large, diverse 

populations of soil microorganisms and containing rich amounts of both plant and microbial 

exudates. This section will discuss various plant exudates and the role they fulfill in the 

availability of phosphorus at the plant-root interface. 

Plant root exudates were considered to play a minor role in nutrient availability until the 

1980’s, when organic acid exudation into the rhizosphere from specialized root clusters of white 

lupin (Lupinus albus) was shown to directly boost the plant’s phosphorus nutrition by forming a 

ferric-hydroxy-phosphate polymer that diffused to the root and released phosphorus after 

reduction (Gardner et al.1983). It is now common knowledge among the scientific community 

that plants play an active role in their phosphorus acquisition through specialized structures as 

displayed in white lupin, root morphology, and most importantly, exudation of chemical 
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substances. Additionally, there are two mechanisms by which root exudates can influence the 

availability of phosphorus. The first is that they may directly influence phosphorus availability 

directly. The second is that they may indirectly influence phosphorus availability by supporting 

the growth of microbial populations (Richardson, 2001). 

Organic acids, which I will refer to as organic anions as most exist in their anionic forms, 

are a major category of root exudates comprised of simple molecules that contain at least one 

carboxyl group. The most extensively studied organic anions are the low-molecular-weight, non-

amino acids involved in the Krebs cycle and other important associated biochemical pathways. 

Examples include citric acids, malic acid, oxalic acid, and succinic acid, although there are quite 

a number more that have been reported (Hinsinger, 2001).  The exudation of organic anions has 

been shown to be stimulated under stressful conditions such as nutrient deficiency and exposure 

to toxic cations (Ryan et al., 2001). Organic anions aid the plant directly by competing with 

phosphate groups for binding sites in the soil and forming stronger complexes with Al3+, Fe3+, 

and Ca2+ than phosphorus. These two mechanisms result in free inorganic phosphorus being 

released into the soil solution through inorganic phosphorus solubilization.  They also play an 

indirect role in stimulating microbial activity in the rhizosphere (Ryan et. al, 2001). 

The second category of plant root exudates is the exudation of H+ ions into the 

rhizosphere which usually results in acidification. Because the release of organic anions involves 

transport of the molecules from the vacuole to the outside of cells, poorly understood anion 

channels are utilized (Ryan et al., 2001). These anion channels are thought to use specific 

transporters that rely on a balance of charge between the inside and outside of the cell 

membrane. In order to conserve this balance upon efflux of anions, the cell either releases a 

cation or uptakes a different anion (Ryan et al., 2001). It is generally accepted that this balance is 



12 
 

achieved via the H+ ATPase enzyme pumping protons (H+) out of plant cells (Serrano, 1989) as 

the enzyme is involved in driving the transport of many other ions and metabolites. Further 

evidence for this mechanism is that ATPase enzyme activity is stimulated by the same stress 

conditions that stimulate rhizosphere acidification, such as saline stress and nutrient deficiency 

(Yan et al., 2002). Specifically, local acidification of the rhizosphere via active release of H+ by 

the cell membrane H+ ATPase mechanism has been associated with phosphorus deficiency in 

white lupin (Yan et al., 2002). 

The final category of plant root exudates is the phosphatases. There are two types of 

phosphatases, acid and alkaline, named after which soil pH they are most active in. Phosphatases 

mediate the conversion of organic P into inorganic P in the rhizosphere by catalyzing the 

hydrolysis of phosphate ester bonds in organic molecules thus increasing orthophosphate 

availability (Li et al., 2010). While both acid and alkaline phosphatases are present throughout 

the rhizosphere, plant roots mainly exudate acid phosphatases, while microorganisms produce 

both. Consequently, the production of phosphatases depends on not only the plant demand, but 

also the microbial demand for phosphorus (Margalef et al., 2017). Phosphatase levels within the 

soil are, like most enzymes, a lot higher within the rhizosphere (Gianfreda, 2015). In the 

rhizosphere itself, phosphatase activity has been shown to be closely tied with root growth 

(Kramer and Green, 2000), plant age, plant species, and soil type (Tarafdar and Jungk, 1987). 

1.6 Rhizosphere Effects on Phosphorus Cycling: Microbiome 

         The microbiome within the rhizosphere is arguably the most important aspect of nutrient 

cycling and has an immense impact on overall soil health and quality. Root-microbe and 

microbe-microbe interactions are the major activities occurring within the rhizosphere. Fully 

understanding these interactions is crucial to understanding nutrient cycling, but is very difficult 
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due to the overwhelming abundance and diversity of microbes within the soil. In this section, I 

will focus on a few of the well-studied microbial processes that affect the availability of 

phosphorus to plants. 

         As previously mentioned, organic anions in the soil play a role in the solubilization of 

inorganic phosphorus. Microorganisms regulate the abundance of organic anions in the soil in 

two different manners: consumption and excretion of organic anions. The exudation of organic 

anions by plant roots serve as a carbon source and stimulate microbial activity and growth of 

microorganisms. Organic anion exudation additionally promotes the motility of mobile 

microorganisms towards the roots in a form of chemotaxis (Jones, 1998). This response has been 

shown to be stimulated by concentrations of organic anions as little as 10 µM, similar to what is 

normally found in soil solution (Jones, 1998). In addition to the consumption of organic anions, 

microorganisms also are responsible for their production. A few of the diverse compounds 

produced by microorganisms are gluconic, citric, malic, malonic and oxalic acids (Posso et al., 

2017), which have the same effect in solubilizing phosphorus as the anions released by plant 

roots. 

         In general, rhizosphere enzyme activity is used as a measure of functional diversity of the 

microbiome. Therefore, the activity and abundance of enzymes in the rhizosphere may reflect 

improvement of the highly-integrated microbial-plant associations (Gianfreda, 2015). As alkaline 

phosphatases are of unique microbial origin, their presence is indicative of microbial 

involvement in phosphorus solubilization. However, the abundance and diversity of alkaline 

phosphatases in the rhizospheres of native plants have not been thoroughly investigated, 

especially not in extreme environments (Acuna, 2016). Recently scientists have shifted their 

attention to investigating the functional genes that code for alkaline phosphatases in bacteria as 
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gaining knowledge of these genes will improve their understanding of biological processes 

important in phosphorus cycling (Sakurai, 2008 and Ragot, 2017). 

         Additionally, there is a mutualistic relationship between fungi and roots termed 

mycorrhizal that allows for the exchange of soluble phosphorus and energy in the form of 

complex carbohydrates between the plant and fungi. It has been determined that the increase in 

plant growth in plants in mycorrhizal relationships compared to plants on their own is due to the 

enhanced absorption of nutrients, especially phosphorus, and an increased rate of uptake (Bolan, 

1991). The fungi are capable of solubilizing phosphorus themselves through the secretion of 

organic anions and phosphatase activity. (Gyaneshwar, 2002).  Interestingly, this mutualism only 

exists between plants and fungi when there is a phosphorus deficiency. Fungi are not able to 

fully colonize plant roots when there is sufficient phosphorus availability (Gyaneshwar, 2002). 

1.7 Thesis Objective and Research Questions 

The objective of this thesis was to evaluate associations between plant establishment and 

bioavailability of phosphorus during mine waste rock revegetation at the Carlota Copper Mine in 

Miami, Arizona. Two specific research questions were addressed: 1) How does vegetation 

establishment influence bioavailable phosphorus and do other biogeochemical properties vary in 

association with bioavailable phosphorus levels? and 2) Does vegetation type (shrubs vs grasses) 

affect bioavailable phosphorus and other biogeochemical soil properties? Analysis of the 

bioavailability of phosphorus on disturbed mining lands and the factors that impact it will aid in 

the recovery of the degraded land and in designing management strategies to enhance available 

phosphorus levels.  
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2. METHODS AND MATERIALS 

2.1 Site Description 

 The study was conducted at the Carlota Copper Mine in Miami, Arizona. Samples were 

collected from two slopes of the Main Waste Rock Dump: the N slope and the D slope. The rock 

material is unamended dacite for both slopes. The D slope was hydroseeded in 2012 whereas the 

N slope was never hydroseeded. Ten locations were sampled along a transect across the N slope 

and 25 sample locations were identified along the D slope transects.  16 of the 25 D slope 

quadrats were selected to be used for rhizosphere sampling and those samples are referred to as 

Rhizosphere-Affected (RA). The waste rock slopes were compared to 3 naturally vegetated areas 

that are located on the mine property but undisturbed by mining activity. Collectively, the three 

areas are called the Off-Site (OS).  

2.2 Sampling Methods 

At each sample site a 1x1m frame was placed on the ground and two corners were 

randomly selected within the frame for sample collection. Substrate was collected to a depth of 

15 cm, the samples were homogenized to form a composite, and the substrate passed through a 2 

mm sieve to retain the fine fraction for analysis.  A microbial sample was then collected from 

each substrate pit using sterile technique. For the RA samples, the substrate and microbial 

samples were taken from as close as possible to the base of any of the 4 plant species of interest 

(Atriplex lentiformis, Baccharis sarothroides, Bouteloua curtipendula, and Aristida purpurea) 

found within 3 meters of the frame. All samples were placed on ice post-sampling and stored at 

4oC.  Comprehensive vegetation and ground cover analysis was done by Cedar Creek Associates 

in 2017. 
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2.3 pH and Electrical Conductivity (EC) Determination 

 Samples were dried for 72 hours at 50oC prior to pH/EC analysis. pH was determined 

using a 2:1 slurry of substrate to dH2O and EC was determined from the supernatant of a 2:1 

mixture of substrate to dH2O. Specifically, 10 grams of each sample were placed in a plastic vial 

and 20 ml of dH2O were added to the vial. 3 samples were analyzed at once and each sample was 

done in duplicate. Once the dH2O was added to all vials, a timer was set for 1 hour and the vials 

were set to shake at 240 rpm for 30 minutes. The hour timer served as the deadline to measure 

the pH of the samples. At the end of the 30 minutes, the vials were taken off the shaker and a 

stir-bar was placed within each vial. With the stir on level 6, the pH of all vials was then 

measured from the very center of the vial. Once the last pH measurement was recorded, the stir 

option on the hot plate was turned off and the EC measurements were taken beginning with the 

very first vial.  The vials were only allowed to settle for the duration of the pH measurements 

prior to the EC measurements. The EC measurement was taken from the middle of the top 

aqueous layer of the solution. When the solution exhibited three layers (thin clear top layer, 

brown aqueous middle layer, and thick sediment bottom layer), the measurement was taken from 

the middle layer.  pH measurements were cancelled and repeated if the meter took more than a 

minute to stabilize and EC measurements were cancelled and repeated if the meter took more 

than 2 minutes to stabilize. 

2.4 Bioavailable Phosphorus (AP) Determination  

 AP was determined using the Olsen P Method (Olsen, 1954). The protocol was adapted 

for practical lab use from the “Extraction with Buffered Alkaline Solution” and “Modified 

Ascorbic Acid Method” outlined in “Methods of Soil Analysis: Part 3-Chemical Methods” (Kuo, 

1996).  
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 Solutions for AP analysis were prepared as follows: 2.5M sulfuric acid, 13.9 ml of  

concentrated H2SO4 (18M) was added to 80 ml of nanopure water, left to cool, and then diluted 

to 100 ml using nanopure water; 1M sodium hydroxide, 4.0 g of NaOH was dissolved in 80 ml 

of nanopure water, then diluted to 100 ml; 0.5 M sodium bicarbonate, 10.5 g of NaHCO3 is was 

dissolved in 240 ml of nanopure water, the pH adjusted to 8.5 using the 1M sodium hydroxide 

solution, the solution diluted to 250 ml, and a layer of mineral oil added to the surface to prevent 

direct exposure; 0.25% P-nitrophenol, 0.25 g of p-nitrophenol was dissolved in 100 ml of 

nanopure water;  Phosphate Stock Solution (50 mg/L), 0.2197 g of oven dried (40oC) KH2PO4 

was dissolved in 500 ml of nanopure water and diluted to 1L with nanopure water; and Working 

Phosphate Stock Solution (5 mg/L), 10 ml of the phosphate stock solution were diluted in 100 ml 

of nanopure water.  Reagent A was made by dissolving 2.64 g of ascorbic acid and 12.27 g of 

trichloroacetic acid in approximately 100 ml of nanopure water. The solution was then brought 

to a final volume of 150ml with nanopure water.  Reagent A must be stored at 4˚ when not in use 

and should be remade daily.  Reagent B was made by dissolving 0.62 g of ammonium molybdate 

in 40 ml of nanopure water and brought to a final volume of 50 ml with nanopure water. Reagent 

B must be remade daily. Reagent C was made by dissolving 2.94 g of sodium citrate dihydrate 

and 2.60 g of sodium arsenite in 80 ml of nanopure water. 5 ml of glacial acetic acid were added 

and the solution was brought to a final volume of 100 ml with nanopure water. 

 Standards were created as follows: 10 ml of Reagent A were added to six 25 ml 

volumetric flasks. An aliquot of Working P Standard solution was then added to each of the 

flasks according to desired concentration (0-0.6 ug/ml). 2 ml of Reagent B were added to each 

flask. Immediately afterwards, 5 ml of Reagent C were added and the solution was mixed by 

inverting. The solution was then diluted to 25 ml with nanopure H2O and inverted. After 10 
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minutes, 250 uL of each standard was loaded onto a 96-well plate in triplicate and the 

absorbance was measured using the Epoch 2 Microplate Spectrophotometer (BioTek 

Instruments, Winooski, VT) at 700 nm.  

 Samples were created as follows: 3 samples were prepared at a time in duplicate. 2 grams 

of each substrate sample were placed into 125 ml Erlenmeyer flasks. 40 ml of the Sodium 

Bicarbonate solution was added to each flask and the flasks were then covered with parafilm and 

set to shake at 240 rpm for 30 minutes. After 30 minutes, the solution was filtered through 

Whatman no. 42 filter paper. If the extract was not clear, ½ a teaspoon of carbon black was 

added and the solution was filtered once more. The total volume of the extract was recorded as 

“V2” and 5 ml of the extract was then transferred to a 25 ml volumetric flask and recorded as 

“V1”. Once all samples were prepared, 5 drops of the p-nitrophenol solution were added to each 

flask and the pH of the solution was adjusted by adding H2SO4 (2.5 M) dropwise down the side 

of the flask until the solution turned clear. 10 ml of Reagent A were then added to each flask, 

followed by 2 ml of Reagent B and 5 ml of Reagent C. The flask was then inverted to mix well 

and diluted to 25 ml with nanopure H2O. The flasks were then all inverted once more and after 

10 minutes 250 ul of each solution were loaded onto a 96-well plate in triplicate and the 

absorbance was measured using the Epoch 2 Microplate Spectrophotometer (BioTek 

Instruments, Winooski, VT) at 700 nm. AP content was calculated using the following equation 

where Pex (ug/g) is AP (ug/g of dry soil): 

Pex (ug/g) = [P concentration (ug/ml)] [25 ml / V1] [V2 / grams of soil used] 
2.5 Amplification and Detection of alp Gene Product  

 The alp functional gene codes for alkaline phosphatases in various bacteria. PCR was 

performed on one sample from the N slope as well as one sample from the A slope, which is a 
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hydroseeded waste rock slope at the Carlota Copper mine that has achieved great revegetation 

success and has a high degree of plant establishment. PCR was performed using ALPS primers 

(F730, R1101) and amplification conditions developed by Sakurai et al. (Sakurai, 2008). Results 

were analyzed by DNA Gel Electrophoresis.  

2.6 DNA Extraction 

 All DNA extraction and quantification work was performed by Lia Ossanna. DNA was 

extracted from samples for microbial analysis using the FastDNA Spin Kit for Soils 

(MP Biomedicals, Solon, OH) with modifications to increase DNA extraction yield (Valentín-

Vargas, 2014). DNA extraction concentrations were quantified using a Qubit 2.0 Fluorometer 

(ThermoFisherScientific, Waltham, MA) following the manufacturer’s instructions, and stored at 

-20°C. A reagent blank was run with all DNA extractions, and only DNA extractions performed 

with a reagent blank that registered below the fluorometer detection limit of 0.015 ng/μl were 

used in further analysis. DNA biomass values are reported in μg DNA biomass/ g of dry soil. 

Moisture was accounted for by measuring gravimetric moisture content from 10 g of sample 

dried at 105°C for over 24 hours immediately after field sampling.  

2.7 Statistical Analysis 

All statistics were calculated using JMP 13 (SAS Institute, Cary, NC). All parameters 

were compared between treatments using a one-way ANOVA and post-hoc Tukey HSD test to 

compare means. Significant differences reported between sampling locations for means 

comparisons all have p <0.05 significance levels. Pearson’s correlations were determined 

between AP and the biogeochemical parameters and reported at the p < 0.05 significance level.  
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3.0 RESULTS 

3.1 Vegetation 

Distinct differences between the OS, D, and N slopes were observed with regards to 

vegetation cover and type of vegetation present (Fig. 1). In the OS areas, vegetation sampling in 

2017 revealed overall plant cover to be about 55%. The vegetation on the OS areas is diverse and 

consists of shrubs, grasses, and other plant types such as cacti and trees. On the D slope, the 

average overall plant cover is only around 30%, and the distribution between shrubs and grasses 

is more equal. The vegetation on this slope is best described as “patchy” and this leads to high 

variability in our sampling. In order to address this variation, we specifically target the 

rhizosphere of shrubs and grasses present on the D slope in our analyses. The N slope is 

primarily bare, with a plant cover of about 5% that mostly consists of annual forbs and volunteer 

perennial shrubs such as desert broom. 

 

Figure 1. Vegetation Cover for Treatment Categories in 2017. OS= Off Site Areas, D = D 

Slope, and N = N Slope. Data provided by Cedar Creek Associates, Ft. Collins, CO. 
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3.2 Bioavailable Phosphorus 

Soil samples from the OS areas were shown to have significantly higher levels of AP 

than the substrate samples taken from the waste rock slopes (Fig. 2A; ANOVA; p<0.0001). For 

some samples, AP in the OS samples was almost ten times as high as samples from the N slope. 

While there was more variation in the RA samples compared to the N and D slope samples, the 

AP content in these samples was still significantly lower than in the undisturbed OS. Adjustment 

of the analysis to include differences in plant type revealed that the AP content of RA shrub 

samples was significantly higher than the other waste-rock categories including the RA grass 

samples (Fig. 2B; ANOVA; p<0.0001).  

 

Figure 2. Bioavailable Phosphorus (AP) content for different treatments. 2A) AP by 

treatment category. 2B): AP by treatment category adjusted to include plant type. Blue and black 

lines in boxplots represent mean and median values, respectively. OS= Off Site Areas, D = D 

Slope, N = N Slope, RA = Rhizosphere-Affected waste rock, G = Grass RA, and S = Shrub RA. 

Boxes with different letters are significantly different (ANOVA; Tukey’s HSD, p<0.0001). 
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3.3 Substrate pH 

Analysis of substrate pH across the OS, N, D, and RA treatments revealed significant 

differences between the sites (Fig. 3A; ANOVA; p<0.0001), with the undisturbed OS samples 

having the lowest, most optimal pH and the N samples having the highest. Optimal pH for most 

plant growth is 5.5 - 7.5 (McCauley, 2017). Once the analysis was adjusted to include 

differences in plant type, the pH of the RA grass samples was found to be slightly lower than that 

of the shrubs, but no significant difference was observed between the two RA categories (Fig. 

3B). Recall that phosphate bioavailability is influenced by soil pH (University of Nebraska-

Lincoln, 1999), thus the relationship between AP and pH was analyzed for all samples. A 

significant, negative correlation between substrate pH and AP content was found (Fig 4; 

Pearson’s; r=-0.8039, p<0.0001).  

 

Figure 3. Substrate pH content across treatment categories. 3A) Substrate pH across 

treatment categories. 3B) Substrate pH across sample categories adjusted to include plant type. 

Blue and black lines within box plots represent mean and median values, respectively. OS= Off 

Site Areas, D = D Slope, N = N Slope, RA = Rhizosphere-Affected waste rock, G = Grass RA, 

and S = Shrub RA. Boxes labeled with different letters are significantly different (ANOVA, 

p<0.0001; Tukey’s HSD). 
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Figure 4. Pearson’s correlation between Substrate pH and Bioavailable Phosphorus (AP). 

A significant correlation between substrate pH and AP was found (r=-0.8039; p<0.0001). 

 

3.4 Electrical Conductivity 

All of the EC values for both the undisturbed samples and the waste rock samples were 

below the salinity concern threshold of 2000 𝜇𝜇s/cm. No significant treatment effects were 

observed for EC for the OS, N, D, and RA samples (Fig. 5A; ANOVA; p=0.1009). However, 

once the analysis was adjusted to incorporate differences in plant type, (Fig. 5B) the EC of shrub 

samples was found to be significantly higher than the other categories (ANOVA; p<0.0001). 

This increased salinity is attributed to the inclusion of the Saltbush  (Saltbush (Atriplex 

lentiformis) shrub species, which has been shown to increase salinity in the soil underneath its 

canopy (Sharma, 1973). No correlation was observed between the EC of the waste rock samples 

and their bioavailable P content (Pearson’s; r=-0.0086, p=0.9578). 
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Figure 5. Electrical Conductivity (EC) across treatment categories. 5A) EC for different 

treatment categories. 5B) EC across sample categories adjusted to include plant type. Blue lines 

represent mean values. OS= Off Site, D = D Slope, N = N Slope, RA = Rhizosphere-Affected, G 

= Grass RA, and S = Shrub RA. Boxes labeled with different letters are significantly different 

(ANOVA, p<0.0001; Tukey’s HSD). 

 

3.5 DNA Biomass 

DNA Biomass was observed to vary significantly across the OS, N, D, and RA 

treatments, with OS samples having the highest DNA biomass content followed by the RA 

samples (Figure 6A; ANOVA; p<.0001). Adjustment of the analysis to include differences in 

plant type (Fig. 6B) reveals that the DNA biomass content of RA shrub samples was 

significantly higher than the other categories excluding OS (ANOVA; p<0.0001). This pattern 

closely matches what was found in regard to AP content shown in Fig. 2B.  The relationship 

between DNA biomass and AP content was then evaluated. A significant positive correlation 

was found between the DNA biomass content of the waste rock samples and their bioavailable P 

content (Fig. 7; Pearson’s; r=0.8001, p< 0.0001).  
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Figure 6. DNA Biomass across treatment categories. 6A) Substrate biomass (as quantified by 

extractable DNA concentration) across treatment categories. 6B) DNA Biomass across treatment 

categories adjusted to include plant type. Blue and black lines represent mean and median values, 

respectively. OS= Off Site, D = D Slope, N = N Slope, RA = Rhizosphere-Affected, G = Grass 

RA, and S = Shrub RA. Boxes with different letters are significantly different (ANOVA, 

p<0.0001; Tukey’s HSD). 

 

Fig. 7. Pearson’s correlation between DNA Biomass and Bioavailable Phosphorus. A 

significant correlation was found between the two variables (r=0.8001; p<0.0001). 
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3.6 Alkaline Phosphatase: alp gene product 

As discussed, microorganisms excrete alkaline phosphatases which mediate the 

conversion of organic P into inorganic P in the rhizosphere (Li et al., 2010).  The alp functional 

gene codes for alkaline phosphatases in various bacteria (Sakurai, 2008). Comparison of the gel 

electrophoresis results for the alp PCR product of an A slope (hydroseeded in 2009) sample and 

an N slope sample reveal the presence of the alp product in the A slope sample (lanes 2-4), but 

not in the N slope sample (lanes 6-8; Fig. 8). This absence suggests that the N slope lacks 

microbial involvement in phosphorus solubilization.

 

Figure 8. Gel electrophoresis results for PCR products from A Slope and N slope samples. 

Band pattern shows presence of ALP product in A sample, but not in N sample. 
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4. Discussion 

 A great disparity in AP exists between undisturbed areas with natural plant establishment 

and both the hydroseeded and non-seeded waste rock stockpiles. The level of AP in the 

undisturbed areas would be considered “very high” under current agricultural standards, whereas 

the levels on the waste rock piles would be considered “very low” (Iowa State University, 2013). 

The low level of AP raises concern for ability of plant species to carry out various physiological 

and biochemical functions. In an already harsh environment like mine waste rock, decreased 

ability of the plant to generate ATP, for example, would further hinder its growth and 

reproductive capabilities (Sharma et al, 2013). However, degraded mine land is not agricultural 

land and crop nutrient requirements do not necessarily reflect the nutrient requirements of the 

plant species present on the waste rock slopes. There is a great need for research specifically 

focused on phosphorus availability in degraded environments in order to accurately detect and 

correct phosphorus deficiency in these systems. 

 AP was shown to negatively correlate with substrate pH in this study. Recall that in basic 

soils, inorganic phosphorus can be fixed by calcium to form calcium phosphates (University of 

Nebraska-Lincoln, 1999) and thus be removed from the available pool. As the parent material for 

the waste rock slopes is calcium dacite, this seems to be a likely hypothesis for the decrease in 

available phosphorus with increasing pH. Additionally, samples from the (OS) and the RA 

samples had, on average, lower pH and higher AP values than the bulk N and D slope samples, 

which might indicate a plant-related effect. One possible mechanism would be the root exudation 

of H+ ions into the rhizosphere, resulting in acidification and possibly phosphorus turnover as a 

result (Yan et al., 2002).   
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 AP was also shown to positively correlate with DNA biomass content which serves as a 

proxy for microbial community strength and size. As mentioned previously, the microbial 

community is crucial to efficient nutrient cycling in the soil and overall soil quality. 

Microorganisms facilitate phosphorus turnover through various functions, such as organic anion 

consumption and exudation (Jones, 1998) and secretion of phosphatase enzymes (Gianfreda, 

2015). The RA samples, which should contain rich amounts of soil microorganisms, showed 

significantly higher DNA biomass content than the bulk soils, supporting the hypothesis that the 

increased AP is due to a stronger microbial presence.  

 This study also investigated the effect of plant type (shrubs vs. grasses) on these 

parameters. While it is important to develop a diverse native plant community to encourage 

restoration of ecological dynamics, different plant types will exhibit different establishment 

patterns and survival strategies. One major pattern associated with desert environments is shrub-

focused resource islands (Herman, 1995) which describes the patchy distribution of nutrients 

with increased resources and microbial activity underneath shrub canopies and decreased 

resources in the interplant spaces. While most research on resource islands in arid ecosystems 

focuses on nitrogen fertility, this study demonstrated evidence for the resource island hypothesis 

in terms of phosphorus. Significantly higher levels of both DNA biomass content and AP were 

found in the shrub RA samples compared to the bulk and grass RA samples, indicating a 

concentration of resources under shrubs compared to both interspace areas and grasses.  

As explained previously, plant establishment on degraded land follows a pattern of 

successional development. This pattern begins with the establishment of pioneer plant species 

that, in conjunction with pioneer microorganisms, increase the availability of nutrients for later 

organisms. In nutrient poor substrates, these early colonizers play a critical role in soil 
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development by increasing the fertility of the soil and thus providing a more fertile ground for a 

diverse plant community to establish on. The plant species studied in this thesis are examples of 

early colonizers that were able to establish on nutrient poor substrate and thus facilitate future 

colonization. Given the evidence for increased phosphorus availability underneath the two shrub 

species, Atriplex lentiformis and Baccharis sarothroides, this research suggests that these two 

early colonizers may play an important role in enhancing soil fertility for future plant 

communities. 

 To conclude, this thesis revealed that phosphorus availability on the mine waste rock 

slopes is significantly lower than on undisturbed land. The ultimate goal of this research is to 

achieve successful revegetation of the waste rock slopes and phosphorus deficiency on the slopes 

may be hindering that process. The strong associations found between AP and substrate pH as 

well as between AP and DNA biomass provide several avenues to pursue further research on 

increasing phosphorus availability. One possible future direction would be to compare the 

abundance of the 16S rRNA gene between the treatments in order to have a more direct 

measurement of the microbial community within the samples. Additionally, the differences 

revealed between dominant shrubs and grasses with respect to phosphorus availability on the 

patchily-vegetated D slope raise further questions on nutrient acquisition and utilization between 

plant types. Understanding of which plant species can best scavenge resources from a resource-

depleted environment can aid in developing future seed mixes for more effective vegetation. In 

essence, the success of the revegetation process will depend on human-facilitated coordination of 

plant and microbial demands for resources in order to create a self-sustaining plant community. 
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5. Conclusion 

The research objective of this study was to determine if vegetation establishment 

influenced phosphorus availability and related biogeochemical indicators.  Naturally-vegetated 

areas with established vegetation were found to have significantly higher levels of bioavailable 

phosphorus and DNA biomass as well as significantly lower, more optimal pH than the waste 

rock slopes with limited plant establishment. Another aim of this study was to determine if 

vegetation type, specifically shrubs vs. grasses, had an effect on phosphorus availability and 

related biogeochemical indicators. Samples taken from the rhizospheres of shrubs contained 

significantly higher levels of bioavailable phosphorus, DNA biomass, and electrical conductivity 

values than samples taken from the rhizospheres of grasses. The final aim was to determine if 

any biogeochemical indicators varied in association with bioavailable phosphorus levels. We 

found a significant, negative correlation between bioavailable phosphorus and substrate pH and a 

significant positive correlation between bioavailable phosphorus and DNA biomass.  Overall, 

this study determined that there are important relationships between phosphorus availability and 

several environmental and biogeochemical parameters that should be explored in order to fully 

develop efficient phosphorus management strategies for degraded land. 
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