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I. INTRODUCTION 

1. Abstract 

Ecosystem sustainability in semi-arid to arid landscapes depends on plant-microbe soil 

interactions.  The belowground microbial communities of semi-arid and arid ecosystems are less 

robust than those of temperate climates and therefore more vulnerable to environmental stress 

and anthropogenic disturbance.  Study of the ecosystem dynamics that accompany ecosystem 

degradation during the transition from semiarid to arid landscapes may provide critical insights 

applicable to the reclamation of semi-arid marginal lands, such as those compromised by mining 

activities.  The specific goal of this project is to define the characteristics of semiarid and arid 

ecosystems and their relationship to the sustainability of associated vegetation and microbial 

communities.  To supplement ecosystem characterization, the microbial biomass of soils from 

undisturbed Sonoran Desert areas will be compared to degraded substrate compromised by 

mining activities at Resolution Copper Mine.  This comparison of semi-arid and arid microbial 

communities between undisturbed sustainable soil and disturbed substrate from variable levels of 

reclamation may determine the importance of microbial community composition on reclamation 

success.  The research questions to be addressed by this thesis are what are the defining physical 

characteristics of sustainable semi-arid and arid zones and what are the crucial interactions 

between aridity driven water deficit and vegetation and microbial communities? 
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2. Classifying Aridity 

Consequences of transitioning landscapes to increasingly arid characteristics are not well 

understood.  Detrimental effects of aridification on microbial community biodiversity and 

biomass need to be clearly defined in order to determine the defining properties of ecosystem 

dynamics effecting the sustainability of semiarid and arid soils.  Drought, increasing 

temperatures, and loss of plant cover may result in loss of microbial diversity and possibly 

associated plant diversity, and the structure and sustainability of soil.  Revising destructive 

management practices to retain sustainable ecosystems and their plant and microbial biomass in 

transitioning landscapes requires improved understanding of semiarid and arid landscape 

environmental interactions and their effect on nutrient cycling and the composition of major 

microbial communities.  This introduction will define environmental parameters that impact the 

vegetation and microbial capacity of arid ecosystems. 

Understanding of the microbial interactions in a semi-arid and arid environment requires 

classification of the physical properties of the landscape.  Arid zones are most commonly defined 

by the amount of precipitation the region experiences over the course of a year.  The UNESCO 

accepted Aridity Indexes (AI), are based on precipitation and potential evapotranspiration (PET), 

as calculated by the Penman equation (PET/rainfall).  This index determines the severity of 

aridity in a defined geographic zone (Table 1) (Western et. al, 2004).  

UNESCO Aridity Classification 

Classification Aridity Index (AI) 

Hyperarid AI < 0.03 

Arid 0.03 < AI < 0.20 

Semi-arid 0.20 < AI < 0.50 

Dry subhumid 0.50 < AI < 0.65 

Table 1: UNESCO Aridity Classification, with Aridity = PET/rainfall. (Aridity and Drought) 
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Semi-arid and arid zones experience “long-term average climactic conditions” of reduced 

rainfall and drought (D’Odorico and Porporato, Ch. 1).  It is important to note the distinction 

between the long-term aspects of aridity from the short-term aspects of “drought”.  Drought is a 

climactic condition that is considered as a deviation from normal climate conditions and is “a 

temporary recurring reduction in the precipitation in an area” (Maliva).  Therefore, semi-arid and 

arid zones are characterized by “drought-prone” climates marked by significant water deficits.     

Classifying Aridity with Precipitation 

Classification Average Annual Rainfall 

Extremely Arid Zones < 60-100 mm 

Arid Zones 100 – 250mm 

Semi-arid Zones 250 – 600mm 

Dry Sub-humid Zones 600 – 1200mm 

Table 2: Dryland Ecohydrology (D’Odorico and Porporato,Ch. 1) 

Over the course of a year, these regions experience infrequent and often extremely variable 

precipitation with a greater PET than precipitation on average over the course of a year 

(D’Odorico and Porporato, Ch. 1).  This high variance in precipitation within a year exacerbates 

the typical characteristics of a seasonal drought and creates long-term semi-arid and arid climatic 

conditions (Smakhtim and Schipper, 2008). Chronic water deficits are prolific enough to 

determine the type, spatial variation, and life-span of vegetation (D’Odorico and Porporato, Ch. 

1).   

The Aridity Index classification method uses precipitation as the primary measurement 

for degree of aridity.  Semi-arid and arid zones with limited and variable precipitation support 

plant cover and related soil microbial communities that have adapted to drought-induced 

stresses.  Annual patterns of rainfall events depend on location and climactic conditions.  

Monsoonal rains in the Sonoran Desert occur in the summer and winter, bringing large quantities 
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of rain over a short period of time to which microbial and plant communities are uniquely 

adapted to respond quickly. Their response allows them to survive long periods of drought by 

their increased use-efficiency of limited water resources.  However, long-term mega-droughts 

and steadily increasing aridity strain the capacity of plant and microbe stress adaptations to cope 

with drought-induced stress.  Figure 1 shows significant negative correlations between increasing 

aridity and the diversity and richness of both bacterial and fungal soil microbial communities 

(Maestre, 2015).   

 

Figure 1 Correlation between increasing aridity and decreasing microbial diversity (Maestre, 2015). 

Both bacterial and fungal soil communities contribute to the cycling of organic matter and soil 

nutrients. Thus, loss of soil microbial community biodiversity could reduce plant available 
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nutrients and result in overall loss of plant cover and biodiversity.  In Figure 2, a global map of 

aridity identifies the major arid zones with their climate or vegetation classifications; “deserts 

(black), Mediterranean shrublands and mesic grasslands (in dark gray), and tropical savannas 

(light gray)” ( Slaymaker and Spencer, 1998).  Figure 3 shows a gradient of estimates of global 

microbial biomass (Fierer, 2017).  When compared to Figure 2, the regions of lowest microbial 

biomass correspond to the areas of highest aridity across the globe. Microbial biomass is 

therefore distinctly low in arid zones.  Should the coming decades of climate change drive 

increases in aridity, the globe may face a decrease in microbial biomass.   

 

Figure 2: A map identifying the major regions of aridity (Slaymaker and Slonnaker, 1988).  Arid regions are 

characterized by low precipitation and high rates of evaporation. 
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Figure 3: A global gradient of microbial biomass showing significant areas of low biomass in arid zones identified 

in Figure 2. (Fierer, 2017).   

 

3. Semi-Arid and Arid Zone Characteristics 

Water Dynamics in the Sonoran Desert 

The Sonoran Desert is used as a model ecosystem to profile characteristics of semi-arid 

and arid zones.  The Sonoran Desert experiences an average annual rainfall of 76mm to 381mm, 

which places the region in both the arid and semi-arid classifications depending on the specific 

location (AZWater, 2007).  For example, Tucson and Phoenix receive annual rainfall averages of 

280mm and 190mm respectively.  Tucson is therefore classified as a semi-arid zone and Phoenix 

as an arid zone (AZWater, 2007).  For comparison, Yuma, located in the Lower Colorado 

Region, is the driest location in Arizona, receiving 86mm of annual average rainfall (AZWater, 

2007).  The Sonoran Desert, in addition to experiencing an overall lack of rainfall, only receives 

this rainfall during a few months of the year.  The summer monsoon season occurs from July to 

early September, in which much of the rain falls in localized thunderstorm events (Franklin, 
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2016).  The remainder is produced by gentle and more widespread rainfall during the winter and 

spring rains (Franklin, 2016).  This leaves the region in a state of water deficit for a majority of 

the year during the offseason.   

In addition to the Sonoran desert containing regions of precipitation variability, it is also 

a region that is highly diverse in geologic structure, climate, and biodiversity.  The region can be 

broken up into six sub-sections that are each distinct in climate, topography, and vegetation 

composition, as shown in Figure 4.  Although the region contains 28 major rivers, a large portion 

of the previously annual river flows have transitioned from perennial (year-long flow) to 

ephemeral (rain-dependent flow) (Franklin, 2016).).  Rainfall, in general, can be considered to 

decrease in reliability from the southeastern Sonoran Desert going towards northwestern portion 

(Franklin, 2016). 
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Figure 4 Map of the Sonoran Desert region, indicating the 6 subdivisions classified by climate, 

topography, and vegetation composition (Franklin, 2016). 

 

One of the key dynamics of water transport within the Sonoran Desert region is the 

balance between water storage capacity, evaporation, and runoff.  In order for the system to 

maintain a sustainable level of microbial communities and vegetation, the soil must have some 

degree of water storage capacity to retain water following rainfall seasons and into the offseason.  

In semi-arid and arid zones, the soil water storage capabilities are low therefore soil moisture 

availability is highly dependent on the quantity and timing of seasonal rainfall events (Grayson et 

al., Ch. 7).  Monsoonal pulsed rains deposit large quantities of rain over a short time-period and 

are routed into one of three paths; infiltration, runoff, and evaporation.  Soil infiltration and 
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runoff remain in the system for a short time periods of minutes to hours (Noy-Meir, 1973).  The 

exception to this short timescale can be found in low elevation sites that receive runoff to low-

permeability soils, in which the surface storage can remain for more than a few hours (Noy-

Meir-1973).  Often the depth of soil wetting and plant-available water does not extend below the 

root zone due to high rates of evaporation following rain events in arid zones; 

“The upper 5 or 10 cm are mostly dry within 5-25 days in arid climates and plants have little 

chance to extract water from this layer. It takes many weeks for evaporation to dry out in the 10-

30 cm layer, so that roots can effectively compete with it there” (Noy-Meir, 1973). 

The interaction of soil physical properties, such as soil texture and composition, paired 

with water infiltration determines the rate of soil water infiltration and the proportion of plant-

available water.  Soils serve as both a temporary storage for rainfall input and regulators of the 

partitioning of water inputs between runoff, drainage, evaporation, and uptake transpiration 

following a rainfall event (Noy-Meir, 1973).  Semi-arid and arid zones are limited to distribution 

of precipitation by surface flow as the recharge potential is low with limited infiltration and low 

precipitation (Grayson et al., Ch. 7).  Importantly, spatial and temporal variability of 

precipitation events are the dominant controls on soil moisture retention in the semi-arid and arid 

zone (Grayson et al., Ch. 7).    

High evaporation from surface layers (top 10 cm), rather than drainage from deeper ones, 

is a defining feature of the arid zone feature the "inverse texture effect”. Sandy and rocky soils 

support tall dense vegetation more effectively than soils with finer texture (Noy-Meir, 1973).  

For example, this same vegetation type can be found at lower levels of rainfall conditions in 

coarse soils than in fine-textured soils (Noy-Meir, 1973).  The inverse texture effect depends on 
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the relationship between degree of soil coarseness and the level of low rainfall occurring between 

300 and 500 mm rainfall.  These parameters establish the inverse texture effect a characteristic 

that has a unique impact on plant cover and diversity.  

Additionally, physical properties of soils such as “soil water content, resistance [to soil 

drying], nutrient concentration, and temperature” will affect the density and growth of vegetation 

root zones (Hopmans, Ch. 2).  Root systems tend to grow towards wetter soil regions, which are 

created by different water flow patterns. Surface flow will tend to move towards depressions in 

the landscape, and flow will move at a quicker pace over more compacted soils (Grayson et al., 

Ch.7).  Vegetation patches that are positioned in wetted areas experience greater vegetation 

establishment. These wetted areas occur as a result of depressions and areas of higher infiltration 

rates.  The pathways of overland flow are in a dynamic relationship with vegetation cover as 

well.  Increase in runoff is found to increase with decreasing vegetation densities (Grayson et al., 

Ch.7). 

Plant adaptations to moisture stress 

The long-term stability of plant and soil microbial communities in arid and arid 

ecosystems is determined by the sustainablility or quality of the soil system.  The extent of plant 

cover establishment represents the capability of a soil to sustain a relatively consistent or 

increasing microbial and vegetation capacity.  Water deficit due to aridity induced drought is 

detrimental to plant growth, development, and survival leading to a lack of consistent plant cover 

(Lombardini, Ch. 4). 

The intermittent localized and intense rainfall patterns characteristic of arid and semiarid 

regions create a “patch and gap” vegetation pattern, the behavior of which can be consistently 
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observed in environments adapted to arid climatic conditions.  Patch and gap vegetation 

describes the spatial distribution of resources and vegetation cover.  Patches are regions of plant 

cover with increased microbial diversity and density.  The distances between patches are 

considered gaps and can vary depending on the degree of aridity of the region.  The spatial 

variation of vegetative cover zones depends on the temporal and spatial variability of 

precipitation each year (Austin, 2004).  Patch and gap vegetation in semi-arid and arid zones 

must react immediately to rain events that occur only 10-15 times a year, and are often widely 

spaced apart (Noy-Meir, 1973).  The dominant vegetation types in a sustainable semi-arid and 

arid zone reflect the frequency of rainfall and the depth of availability of water (D’Odorico and 

Porporato, Ch 1).  Plant-available water is accessed by varying species depending on time 

strategies, root systems, and physiology.  Dominant species at distinct water storage depths 

following a rain event have specific competitive advantages to access these stores.  Grasses 

compete with shrubs and woody tree species for shallow water resources and react quickly after 

rainstorm events.  Woody tree species often co-dominate with grasses due to their ability to 

access water resources at deeper depths (D’Odorico and Porporato, Ch. 1).   
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Dominant Vegetation and Water Storage at Varying Depths 

Water Store 

at Soil 

Depth (cm) 

Dominant Water-User Competitive advantage 

0-2cm Algae and lichens Rainfall is too transient for vascular 

plants. 

10-30cm Ephemerals (annuals and herbaceous 

perennials) 

Fast-growing and can access water 

before it evaporates for reproduction 

uses. 

30-60cm Shrub vs. Ephemerals 

 

(Plant composition is determined by the 

competition between ephemerals and 

shrubs against the rate of evaporation) 

Shrubs: Horizontal spreading of root 

systems of shallower depth and 

vertical spreading for deeper water 

storage 

 

60-120cm Shrubs and trees Vertical roots can access deeper 

water storage with longer term 

storage due to lower evaporation 

rates with depth. 
Table 3 Table identifying the major water stores at specific depths in a semi-arid to arid zone soil.  In general, 

plant-plant interactions are often considered heavily competitive, therefore there are many vegetation types 

competing for the same water storages (Information from (Noy-Meir, 1973)). 

   Most established plant species in semi-arid and arid environments have successfully 

developed in their communities due to the evolution of stress avoidance or acclimation traits.  

Avoidance mechanisms display traits are genetically inherited whereas acclimation mechanisms 

are “plastic and reversible” (Daffonchio, 2015).  For example, cacti are “permanently adapted” to 

avoid stress from transpiration water loss by closing their stomates during the day (Daffonchio, 

2015).  The primary physiological stress on plants due to water deficit is loss of turgor.  Plants 

have evolved mechanisms to adapted to the effects of loss of turgor, “which causes reduction in 

cell size and is accompanied by a reduction in leaf expansion and shoot extension” (Lombardini, 

Ch. 4).  A reduction in leaf size to reduce transpiration loss is a common plant adaptation to 

water stress in arid regions.  

The composition of a plant community in a semi-arid or arid zones depends on the 

successful adaptation of a species to either avoid or acclimate to drought-stress.  A common 
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plant group that has adapted to semi-arid and arid zone conditions are the Xerophytes, defined as 

species that “can survive prolonged dry soil conditions” (Lombardini, Ch. 4).  Species in this 

category have evolved mechanisms of drought avoidance, resistance, or endurance techniques 

(as seen in Table 4). 

Xerophyte Classification 

 Xerophyte Category 

Drought 

Avoiders 
Drought Resistors Drought Endurers 

Life Cycle Wet Season: 

Complete life 

cycle 

Dry Season: 

Survive as 

seeds 

Perennials Annuals with 

morphological and 

physiological 

adaptations to 

survive extreme 

weather events 

Physical 

Description 

Small, high 

root to shoot 

ratios, no 

physiological 

or 

morphological 

drought 

adaptations. 

Two types: 

1. “Water savers” Physiological adaptations to 

store water. (Fleshy leaves, stem, and roots, 

small leaves, etc.) 

2. “Water spenders” Widespread root systems 

to access water. 

Tolerate 

dehydration 

Species 

Examples 

Desert 

sunflowers 

(Geraea 

canscens) 

1. Succulents such as cacti and agave. 

2. Palms and Mesquite. 

Mosses, 

resurrection plant 

(Selaginella 

lepidophylla), 

desert grasses, and 

sagebrush. 
Table 4: Summary of classifications of Xerophytes (Lombardi, Chapter 4) 

Drought avoiders have adapted their life cycle by surviving as seeds during the dry season that 

only germinate following significant rains.  Drought resistors and endurers have noted 

physiological and morphological adaptations.  “Water saver” resistors conserve water or absorb 

water in roots while “water spender” resistors have adapted to increase uptake rate of water 

through expansive root systems while maintaining high transpiration rates (Lombardini, Ch. 4).  

Drought-adapted plants also require complex signaling to react to water pulse events efficiently 
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and effectively (Lombardini, Ch. 4).  This signaling is only partly understood, however one 

suggested signaling method is the detection of changes in water potential paired with regulation 

of stomatal behavior. 

Overall, the goal of all adaptations is to reduce the consequences of drought stress on the 

process of reproduction.  The sustainability of semi-arid or arid systems depends on the ability of 

the vegetation community to reproduce annually and sustain populations.  Water deficits have 

effects on “nearly all phases from gamete production to anthesis and seed/fruit expansion” 

(Lombardini, Ch. 4).  Water deficits from lack of precipitation and a limited spatial distribution 

of water resources manifest in the form of the patch and gap landscape.  Flat areas in particular 

“exhibit an almost regular pattern of distribution of trees and shrubs with large gaps between 

them” (Franklin, 2016).  In patches, beneficial relationships are found in both vegetation-

vegetation and vegetation-microbe relationships.  The creation of fine textured soils and habitat 

for organisms by “cacti–nurse tree interactions and their associated beneficial microbes may 

even facilitate restoration of degraded arid habitats” (Bashan et al. 2012).  The cacti-nurse tree 

relationship is critical to saguaro seedling survival against harsh environmental conditions of 

drought and temperature (Turner et al. 1966). 

 

Vegetation-Microbe Interactions:  

Sonoran Desert vegetation adaptations to water deficit are found in their unique 

interactions with microbial communities.  Fertility islands are a distinguishing feature of the 

patch and gap landscape in arid and semi-arid zones.  Fertility islands are found in the patches of 

Sonoran Desert vegetations and can be considered as islands of pooled resources that “originate 
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from the deposition and subsequent stabilization of wind-borne soil particles under plant 

canopies” (Armbrust and Bilbro 1997).  Fertility islands are often located in areas where 

perennial nurse plants create patches of shade, nutrients, and increased soil moisture to the 

benefit of vegetation and microbial communities (Halvorson et al. 1994).  The highest density of 

plant and microbial communities in semi-arid and arid zones are found in these fertility islands.  

The high density of organisms can also be correlated to the significant presence of biological 

nitrogen fixation within the islands through supporting symbiotic relationships between free-

living microorganisms and vegetation (Perroni-Ventura, 2014). The major sources of nitrogen 

fixation in these islands include cyanobacteria, actinorhizal, free-living bacteria, and rhizobium-

legume symbiosis (Zahran, 1999).  The interaction of rhizobium-legume symbiosis is 

particularly notable in that it increases tolerance to salt stress and improves plant survival in salt-

affected arid zones (Zahran, 1999).  Greater diversity in fertility islands can be related to lowered 

irradiance levels under canopies (Franco and Nobel 1989; Valiente-Banuet and Ezcurra 1991) 

and high water infiltration and nutrient availability (Paulsen 1953; Garcia-Moya and McKell 

1970).  Overall increased biodiversity associated with fertility islands is due to pooling of 

resources, increased rates of nitrogen fixation, and increased vegetation-microbe interactions in 

the rhizosphere (Austin, 2004). 

The proportion of beneficial to competitive vegetation-microbial interactions depends on 

the resources available and the existence of environmental stressors.  Beneficial vegetation-

microbe interactions have been noted to increase “drought and salinity tolerance, enhance 

disease resistance, and improve plant nutrition through increased nutrient and water uptake” 

(Franklin, 2016).  Vegetation-microbe interactions have been studied in largely isolated studies 
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and need to be expanded into a broader system scale in order to understand the scope of these 

interactions on the nutrient availability of semi-arid and arid zones in general. 

Beneficial Vegetation-Microbe Interactions 

Microbe 

Category 

Ex. of 

Documented 

Microbe Species 

Ex. of Documented 

Vegetation Interaction 

Interaction Type Sources Cited 

Mycorrhizal 

Fungi 

 

- Arbuscular 

endomycorrhizal 

(AM)  (abundant in 

Sonoran Desert)3 

- Ectomycorrhizal 

fungi (EM) 

- Dark Septate 

Endophytic Fungi 

(DSE) 

Found in Plant roots1: 

- Caesalpinia pannosa  

- Jatropha cinérea 

- Jatropha cuneate  

- Opuntia cholla 

- Atriplex canescens 

- Contribute 

phosphorus to 

associated plants2 

- Increase 

pathogen 

resistance2 

- Improved water 

plant balance2 

1 (Carillo-Garcia 

et al. 1999) 
2 (Philippot et al. 

2013; Willis et 

al. 2013) 
3 (Smith and 

Read, 2010) 

Bacteria 

(Rhizobia-

Legume 

association) 

- Rhizobacteria 

- Actinobacteria  

Plant roots and nodules 

- Lupinus, Dalea, 

Astragalus, Lotus 4 

- Prosopis glandulosa, 

Psorothamnus spinosus 5,6 

 

Nitrogen-fixation 

in exchange for 

carbon4 

4(Long, 2001) 
5,6 (Shoushtari 

and Pepper 

1985; Jenkins et 

al. 1987, 1988) 

Rhizosphere 

(Archaea, 

Bacteria, Fungi) 

Thermoprotei 

(Archaera and 

Crenarchaeota) 

Plant root cells, 

exudates7.8 

- Cacti: Pachycereus 

pringlei, Stenocereus 

thurberi, Cylindropuntia 

cholla 10 

Plant debris feeds 

microbiota9 

7.8 (Pineda et al. 

2010; Philippot 

et al. 2013) 
9(Andrew et al. 

2012). 
10(Puente et al. 

2004a) 

Endophytic 

Bacteria and 

Fungi 

- Mammilaria 

fraileana11 

Live in Plant Tissues Limited 

documentation 

but similar to 

mycorrhizal 

fungi. 

11(Lopez et al. 

2011). 

Table 5: Descriptions of categories of Vegetation-microbe beneficial relationships. This is a growing research area, 

so species of note that have exhibited the beneficial interaction have been included (Franklin, 2016). 

Table 5 includes the major categories of Vegetation-Microbe beneficial relationships 

through rhizosphere archaea, bacteria, and fungi.  Nitrogen from beneficial nitrogen-fixing 

rhizobia in semi-arid and arid zones is a major source of nitrogen for the ecosystem.  The 

rhizosphere encompasses the root-zone of a soil where microorganisms interact with plants by 
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accessing root exudates (Dakora, 2002).  Plant growth and development depends on the 

acquisition of mineralized nutrients.  Fertility islands are areas of increased nitrogen fixation 

because they increase the possibility of Vegetation-Microbe interactions and creates a pool of 

resources for both sets of organisms.  Plants determine availability and acquire nutrients by the 

production of specified molecular signals originating from the roots of a plant (Dakora, 2002) 

and fertility islands create a hub of root exudate and microbial response signaling for nutrient 

uptake.  Examples of possible root exudate signals include informing the plant of concentration 

levels of nutrients, the presence of a nearby plant, when to induce germination, or they can 

stimulate extension of hyphal growth in symbiotic fungi, as shown in Figure 5 (Dakora, 2002).  

Cooperation in fertility islands between legumes and mycorrhizal symbionts is possible because 

of this chemical communication.   

 

Figure 5: Root exudates are crucial signaling molecules for the uptake of nutrients by plants and rhizosphere microbes.  The 

figure shows the potential exudates such as OA (organic acids) and AA (amino acids) that lead to acquisition of mineralized 

minerals like OA-Mn and AA-Fe (Dakora, 2002). 
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In contrast, a competitive relationship between vegetation and microbes is in the 

competition for access to mineralized nitrogen.  Plants have a “less rapid turnover that allows 

them to retain more nitrogen (e.g., Kaye and Hart, 1997)” which puts them at an advantage over 

microbes that may be disrupted by sudden wetting and drying events (Manzino, Ch. 11). 

Nutrient Cycling and Determining Sustainability 

Defining features of semi-arid and arid zone soils in addition to low water-retention 

include a limited presence of organic matter, high rates of calcification and salinization, and 

retention of a large portion of available nutrients in the root zone (Aber and Melillo, 1991).  

Limited precipitation is a major stressor on vegetation productivity and decomposition rates 

within the system (Noy-Meir, 1973).  Identifying the pathways and organisms involved in the 

carbon and nitrogen cycle will determine where fluctuations are observed in nutrient availability 

and how vegetation and microbial communities may respond.  The basic pathway of both cycles 

remains consistent for all climatic regions, however the rate of occurrence of each step of the 

cycle will change depending on the concentration of nutrients available and the rate of each step.  

For example, pulses of precipitation in semi-arid and arid zones can be marked by sudden 

increases in nitrogen mineralization (Austin, 2004).  Seasonal pulses of precipitation can result in 

an accumulation of mineralized nitrogen at the beginning of the dry season and result in 

“decoupling resource supply and microbial and plant demand, and resulting in increased losses 

via other pathways and reduction in overall soil nutrient pools” (Austin, 2004).   

The balance of the carbon-nitrogen ratio (C/N) affects the products produced by both 

individual cycles which can have a ripple effect on the composition of vegetation and the 

microbial community make-up.  Plants use inorganic carbon as a source of energy through 
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assimilation of atmospheric carbon dioxide through photosynthesis.  After respiration, the 

remaining carbon is assimilated by vegetation which will later be returned to the soil as organic 

matter (SOM) (Manzoni, Ch. 11).  SOM includes microbial biomass, humic substances, and 

plant residuals including cellulose, hemicellulose, lignin, and protein and nucleic acids (Maier, 

2015).  Humic substances are the most complex form of SOM and have the slowest turnover rate 

at only 2-5% per year.  SOM decomposition and mineralization by soil microbes produces 

mineral compounds and carbon dioxide through soil respiration (Manzoni, Ch. 11). Minerals 

released during mineralization by microbes such as nitrogen and phosphorus become important 

nutrients for plants.  

Nitrogen is required for plant growth and is the primary component of chlorophyll and 

proteins in plants (Chen, 394).  It accounts for about 12% of plant cell dry weight and is 

generally taken up by plants and microbes in the form of ammonium or nitrate (Maier, 2015).  

The nitrogen and carbon cycles are linked to each other by the necessity of SOM decomposition 

and mineralization production of available ammonium and nitrate for plant uptake (Manzoni, Ch. 

11).  The rate of mineralization depends on soil carbon nitrogen ratio, which is determined by the 

make-up of plant residue decomposition (Manzoni, Ch. 11).  Nitrogen poor ratios inhibit 

mineralization and result in immobilization of mineral nitrogen (Maier, 2015). 

In determining the stability and sustainability of a semi-arid and arid zone, it is crucial to 

consider the unique parameters controlling nutrient cycling that determine the extent of plant 

cover.  Precipitation is often considered the dominant parameter effecting the ability of arid 

zones to grow sufficient plant cover to reduce erosion and the loss of topsoil and nutrients.  

However, additional parameters such as climate, soil texture, the composition of beneficial and 

competitive vegetation and microbial interactions, and the existing nutrient availability will 
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affect the long-term sustainability of plant cover.  A sustainable semi-arid and arid zone must be 

able to support a vegetation composition with drought-resistant qualities and the ability to 

reproduce.  Establishment of microbial communities that benefit the growth and sustainability of 

plant cover may be dependent on the status or stability of fertility islands.   

Degraded unsustainable lands may remain degraded because they lack resources of 

nutrients, and water availability.  Many degraded lands have also experienced an abiotic or 

anthropogenic disturbance that eliminated established levels of biodiversity.  Determining the 

degree of sustainability of any climatic region requires establishing variables and the interactions 

between them that are critical to ecosystem stability.  Variables in semi-arid and arid zones 

include the degree of aridity, spatial and temporal variability of precipitation, soil physical 

properties, and community composition of vegetation and microorganisms.  Sustainability of a 

semi-arid or arid soil can be affected by degree of aridification, degree of vegetation and 

microbial community adaptations, and soil type.  Increasing aridification indexes results in a loss 

in plant species richness and diversity, in part due to the effects of an increase in intransitive 

competition over limited nutrients (Soliveres, 2015).  
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II. RESEARCH 

5. Abstract 

In order to determine the stability of a semi-arid or arid zone, there must be an analysis of the 

microbial diversity of the region of interest.  Plant-cover success depends on the ability of the 

vegetation to access resources in order to grow and reproduce annually.  Nutrient and water 

accessibility can be increased by a variety of plant-plant, plant-microbe, and microbe-microbe 

interactions as discussed previously.  The remediation efforts by the Maier lab seek to improve 

the ability of degraded lands to revegetate to levels similar to that of the undisturbed Sonoran 

Desert Lands.  Metrics used to quantify the degree of success of establishment of plant-cover 

include several biogeochemical indicators; soil physical characteristics such as pH, electrical 

conductivity, and soil texture, composition of plant-cover, and identification of the biodiversity 

and biomass of microbial communities.  The specific objective of this research is to use the 

biogeochemical indicator of biomass (ng of DNA per g of soil) to compare the microbial 

potential of disturbed sites at Resolution Copper mine with undisturbed Sonoran Desert soils.  

Sites sampled at Resolution Copper Mine include three areas capped with Gila Conglomerate 

from the surrounding region (GC) and one capped with overburden rock (KVS) removed from an 

active mining shaft on the property.  The Resolution capping substrates contain limited organic 

materials, due to a large portion of the substrate composition being ground parent material. The 

substrate is used to cover historic tailings piles and the areas are currently going through an 

active revegetation effort.  This research will be the first step in determining the importance of 

microbial community composition to the stability of semi-arid and arid soils during ecosystem 

regeneration of disturbed lands. 
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6. Materials and Methodology 

Resolution Copper Mine Sampling 

Substrate sampling at Resolution Copper Mine, located in Superior, AZ, was done in 

Year 3 of a long-term revegetation effort of capped mine-tailing piles.  Four transects, KVS, GC, 

TP5, and 500 Yard, were placed in reclamation areas at Resolution.  Each site represents a 

different treatment that varies is seeding time for revegetation efforts and capping material.  KVS 

was seeded most recently in 2010 and is capped with overburden rock, as previously mentioned.  

GC, TP5, and 500 Yard are all capped with Gila Conglomerate and were seeded in 2010, 2008, 

and 2007 respectively.  Two samples of substrate were taken from each sample site from each 

treatment area and later analyzed for biomass and other biogeochemical indicators.  A total of 44 

samples were originally taken at Resolution from the four treatment areas.  This research 

included DNA extraction and quantification of a selection of 16 out of the total 44 substrate 

samples that were randomly selected within each of the four treatment areas. 

At all sites, composite substrate samples were collected along transects representing each 

of the particular sites.  All substrates samples were collected at a depth of 0-15 cm and stored on 

ice for transportation to the lab. Samples were frozen at -80℃ until DNA extraction. The 

vegetation structure of all the Resolution Copper mine treatments and Sonoran Desert regions 

followed the fertility island pattern described in the Introduction.  Composite substrate or soil 

samples from each site represent both vegetation patches and un-vegetated gaps.  

Sonoran Desert Sampling 

The Sonoran Desert samples represent a gradient of southcentral to southwestern Arizona 

soils that vary in climate, geographic location, precipitation, and topography.  The Quartzsite 

samples are centered around Quartzite, AZ.  QZ1 is located in Kofa National Wildlife Refuge, 
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QZ2 on Route 60 east of Quartzite, QZ3 on Route 95 north of Quartzite, and QZ4 is north of 

Quartzite near the town of Parker, AZ.  TH was sampled from southern Arizona at Tumamoc 

Hill about 250mi away in Tucson, AZ.  All soil samples were collected at a depth of 0-15 cm and 

stored on ice for transportation to the lab. Samples were frozen at -80℃ until DNA extraction.  

These samples also followed the fertility island pattern described in the Introduction.  Composite 

soil samples from each site represent both vegetation patches and un-vegetated gaps.  

 

DNA extraction and quantification 

DNA extractions were performed using the FastDNA™ SPIN Kit for Soil (MP 

Biomedicals, Solon OH, USA) with the following modifications to the manufacturer's protocol 

to enhance DNA yield.  Cell lysis in the Lysing Matrix tube was done using the Fast Prep 

instrument on the Asphalt Permeated Soil settings of 40 seconds at 6.0 m/s for 1 cycle using the 

QuickPrep adapter.  Centrifugation of the Lysing Matrix tube was increased to 15 min and an 

additional purification step using GTC was added to remove humic substances.  The spin filters 

containing the binding matrix were air-dried under a laminar flow hood for 10min prior to DNA 

elution with preheated (60 °C) ultrapurewater. DNA extracts were quantified using a Qubit 2.0 

Fluorometer (Thermo Fisher Scientific, Waltham, MA) with PicoGreen dye (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer's directions.  Quantification solutions for 

Resolution soils contained 2 μL of sample and 198 μL of working solution. All other steps were 

according to established protocol.  

DNA extractions for Resolution Copper Mine soils were completed in March of 2018.  

DNA extractions for the undisturbed Sonoran Desert samples were completed in the time period 
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from October to November of 2017.  All extractions were completed using the MP Biomedicals 

Fast Prep machine in exchange for a 15min vortex step in the MP Biomedical protocol.   

Statistical analysis 

Following DNA extraction and quantification, all samples were analyzed using Analysis of 

Variance (ANOVA) in order to determine if there was significant difference between the 

biomass of Resolution and Sonoran Desert samples.  A statistically significant variance between 

means was determined by the relationship between the F-statistic and the p-value.  For example, 

the scenario in Figure 8 (ANOVA, F = 21.4969, p < 0.0001, Tukey-HSD), indicates that there 

was a significant variance between the means of all samples with a p-value of less than 0.05.  

Therefore, because there is a significant difference between means, an additional test of Tukey-

Honestly Squared Difference (HSD) determined the degree of variance in order to identify which 

treatments were statistically different. 

 

7. Results and Discussion 

DNA was extracted from all substrates and soils and the DNA concentrations compared across 

all sites.  DNA concentration/g of dry soil will be referred to as soil biomass.  Substrate biomass 

for the four Resolution revegetation treatments was compared to a broad range of Sonoran Desert 

soils representing the southcentral to southwestern area of Arizona.  The Resolution substrate 

samples were averaged by transect and compared in order to establish if there was any statistical 

difference between the various revegetation timelines and capping materials at Resolution 

Copper Mine.  The different sample locations for the Sonoran Desert samples were compared in 

order to determine the potential difference between the geographic regions of the Sonoran 

Desert.  Results from these analyses are presented in Figures 6, 7, and 8.  
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Figure 7:  There was 

significant difference 

found between the 

biomass data for the 

different Sonoran Desert 

locations. 

(ANOVA, F = 21.4969, p < 

0.0001, Tukey-HSD) 

 

Figure 6:  There was 

no significant 

difference found 

between the 

biomass data for the 

different Resolution 

soil transects.   

(ANOVA, F = 0.303, 

p = 0.8227) 
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The biomass quantified from the different treatments at Resolution, shown in Figure 6, 

does not have a statistically significant difference between them.  This indicates that at the time 

of sampling, the difference in temporal sampling on the quantity of all microbial biomass is not 

significant.  Additional analysis on the composition of the microbial community may be an 

indicator for the varying levels of plant cover on the Resolution Copper treatments.   

The biomass from the undisturbed Sonoran Desert sites, from Figure 7, shows a 

statistically significant difference between the sites north of Quartzsite, AZ had statistically 

lower biomass levels than QZ1.  As seen in Figure 7, the Tukey-HSD statistical analysis of 

means indicated that QZ4 recorded the lower biomass than all other sites.  QZ4 receives the least 

annual rainfall, which follows the aforementioned precipitation gradient in which rainfall 

reliability decreases from the southeastern Sonoran Desert going towards northwestern portion 

Figure 8:  The biomass 

data of the disturbed 

Resolution soils and 

the undisturbed 

Sonoran Desert Soils 

are statistically similar.  

This result may 

indicate the 

revegetation efforts at 

Resolution have 

brought the biomass 

levels to that similar of 

an undisturbed site. 

(ANOVA, F = 4.8602, p 

< 0.0004, Tukey-HSD) 
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(Franklin, 2016).  QZ1, QZ 2, QZ3, and TH are statistically similar, which indicates they are 

marked by a similar level microbial community quantity despite the difference in precipitation, 

vegetation composition, and geologic location.   

 The final Figure 8, shows the relationship between the two sites.  The northernmost site 

QZ4 is still statistically lower than the majority of all sample sites.  It is also important to note 

that the biomass of the majority of the undisturbed Sonoran Desert samples is not statistically 

different than that of the disturbed substrate biomass from Resolution.  This may indicate the 

success of revegetation efforts at Resolution to a level of biomass that is comparable to that of an 

undisturbed Sonoran Desert soil.  However, in order to determine if the plant cover and 

microbial community is truly comparable to that of an undisturbed soil, the composition of the 

community must be determined in future research. 

 

8. Conclusions and Future Work 

In determining the sustainability of semiarid and arid soils, ecosystem dynamics, in 

addition to quantitative analysis of microbial community and capacity must be considered.  The 

sites selected for this research, Resolution Copper Mine substrate and undisturbed Sonoran 

Desert soils represent the variety in climatic and geographic conditions of semiarid and arid 

zones.   

In order to make definitive statements about the success of revegetation of degraded 

substrate capping materials at Resolution Copper Mine, treatments must sustain a level of plant 

cover annually that is similar to that of an undisturbed Sonoran Desert area.  There is significant 

variation in the degree of plant cover at resolution, which is not represented in the results of the 
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biomass quantification.  The Raina Maier lab has noted that KVS, the treatment with a different 

capping material of overburden rock exhibits significantly less plant cover as of a 2016 plant 

cover survey (data not yet published).   However, this research indicates that Resolution Copper 

Mine biomass is statistically similar to that of the undisturbed Sonoran Desert Samples.  Biomass 

quantification is only one of the biogeochemical indicators utilized by the Raina Maier lab.  In 

order to define the sustainability of a degraded system such as Resolution Copper mine substrate, 

it will be important to address the differences between the treatments and undisturbed soil 

samples in soil texture, particle size, plant cover, pH, and EC.  This will be in addition to 

analysis of the geographic location, annual average precipitation and other climactic conditions, 

and analysis of the microbial community composition. 

Future work at the Maier lab will involve identification of baseline levels of microbial 

and vegetation community diversity characteristic of semiarid and arid ecosystems with a 

specific focus on the dependence of reclamation success of degraded soils on the degree of 

similarity microbial community composition of degraded soils with those of undisturbed 

Sonoran Desert soils. 
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