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ABSTRACT            
 

Two aspects of salinity in arid land were investigated as part of the present 

dissertation: the first was the potential re-use of industrially generated brine for irrigating 

landscape plants, and the second was the ecological restoration of saline farmland.  The 

following is a summary of the most important points. 

With water conservation efforts accelerating in arid environments, industrial 

wastewater is considered a candidate for re-use.  We investigated the use of high EC 

(electrical conductivity) cooling-tower water to irrigate nine common landscape plants in 

an urban environment.  Each plant (replicated in a block design) was irrigated according 

to water demand determined by the soil moisture deficit, with one of three water 

treatments: blowdown water (3.65 dS m-1), well water (0.52 dS m-1) and a 1:1 blend (2.09 

dS m-1).  Results indicate the salinity of the irrigation water did not have a significant 

effect (P>0.05) on growth or water use but, soil salinities were higher in basins irrigated 

with blowdown water compared to those irrigated with well water. The overall feasibility 

of reusing industrial brines to irrigate urban landscapes is discussed in light of the results.  

Restoring abandoned arid farmland can be challenging because topographic, 

geomorphic and hydrologic features have been degraded and cannot support a diverse 

native plant community. Typical amelioration practices depend upon good quality water 

to restore the soil’s physiochemical properties, however the long-term availability of any 

water is rare. A mitigation banking project to return 432 hectares of farmland to an open-

space designation involved the collaboration of scientists, landscape architects and 

engineers to achieve five main goals: water management, erosion control, decreasing soil 
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salinity, and increasing species diversity and vegetation cover.  Two strategies evolved in 

the planning process that work in tandem to achieve these goals: a water management 

system that redirects storm water and run-off to discrete areas of the site for subsurface 

storage as plant-available water, and the introduction of a diverse mix of native plants.  

Field trials tested the strategies and also investigated different soil surface treatments, 

seeding methods and irrigation regimes against the germination and establishment of a 

customized native seed mix.  Results from vegetation data indicate a combination of soil 

ripping and imprinting leads to the highest germination and establishment rates and drip 

irrigation helped establish transplanted seedlings. The project was designed so the long-

term outcome does not depend on continual inputs and maintenance.  
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1. INTRODUCTION 
 
 

1.1.  Soil and water quality: land-use and arid landscape sustainability 
 
Soil and water quality in arid and semi-arid regions of the world are important issues 

as increased human pressures on the environment continues to threaten watershed 

integrity, biotic diversity and landscape sustainability (stability). Land-use is at the center 

of these issues and any changes generally parallel economic development (DeFries et al., 

2004), population growth and technological change (Rapport et al., 2004).  Some suggest 

land-use change will have a greater impact on local and regional biophysical systems 

than climate change (Sala et al., 2000) so it is necessary to address not only the ecological 

characteristics of an area but also to realize that societal and political values increasingly 

influence the sustainability of the landscape (Millennium Ecosystem Assessment, 2003) 

and have spatial and temporal implications beyond any short-term economic advantages 

(Gilpin, 2000). 

Civilization has always depended upon the Earth’s resources for essential goods such 

as food, shelter and fuel, but with an increasing population and higher per capita 

consumption on a worldwide basis (Dietz & Rosa, 1994), it is estimated that up to 83% of 

land surfaces are impacted by human influences (Sanderson et al., 2002) to some degree. 

Different biomes are able to absorb these human pressures at different rates but the 

ecosystem services on which civilization depends (Daily et al., 1999), such as air and 

water purification, climate regulation, soil preservation and fertility, nutrient cycling, and 

conservation of biodiversity have threshold levels (Folke, 2002) beyond which their 

function is impaired and they are no longer able to deliver the desired level of goods and 
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services to society. Local land-use decisions can have broader regional impacts on 

ecosystem services (see Lansing et al., 2001) and one of the most dramatic examples of 

this is the ‘dead-zone’ in The Gulf of Mexico which experiences severe eutrophication 

and hypoxia on a seasonal basis as a direct result of toxic chemicals and nutrient loading 

from its watershed (Rabalais et al., 1999).   

Soil and water systems are natural resources (Bridges & Oldeman, 1999) that drive all 

terrestrial ecosystems and need to be included in the discussions of ecosystem 

conservation and sustainability (Bridges, 1994). The intrinsic biogeochemical 

characteristics of the soil medium coupled with surface and subsurface movement of 

water determines the spatial composition of flora and its associated fauna. The 

productivity of soil, from both an ecological and agronomic standpoint, is a complex 

interaction between soil structure, mineralogy, aqueous cationic particles, air, microbes, 

water and plants. Soil and water systems have been, until very recently, uncoupled from 

ecosystem dynamics and treated as separate entities instead of being seen as an integral 

part of the landscape and ecosystem.  Joseph McAuliffe’s (1999) exhaustive work on the 

distribution of plants in the Sonoran Desert demonstrates how landscape complexity, soil 

mosaics and edaphic relationships influence floral biodiversity and spatial variability, and 

restoration ecologists working with severely degraded lands and mine tailings (Koch, 

2003) have realized that reinstating the functionality of soil and water systems before 

reintroducing the flora and fauna are crucial elements to regional productivity and 

conservation of biodiversity.  
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1.2.  Land degradation and saline soils 

Land degradation, and by extension soil degradation, has been targeted as one of 

the major global issues of the 21st century (Anecksamphant et al., 1999).  Soil 

degradation is defined as any human-induced phenomena that lowers the current and/or 

future capacity of the soil to support life and occurs when the demands placed upon the 

soil exceeds its capacity to meet those demands.  In 1990 The International Soil 

Reference and Information Centre (ISRIC) in collaboration with United Nations 

Environmental Programme (UNEP) published a “Global Assessment of Human-Induced 

Soil Degradation” (GLASOD) map “providing basic data on the world distribution and 

intensity of erosional, chemical and physical types of degradation” (Bridges & Oldeman, 

1999).  Across landscapes, soils are heterogeneous and differ greatly in their physical and 

chemical properties implying their vulnerability to degradation also varies spatially and 

temporally.  Arid and semi-arid soils probably fall in the highest categories of 

vulnerability indices and their decline in productivity is commonly referred to as 

desertification.  

Arid land degradation is often used synonymously with desertification although 

the latter has been generalized to mean irreversible damage which renders lands barren. 

The degree to which land degradation contributes to desertification is an on-going debate 

with increased soil salinity being one factor; others include global warming, human 

population pressure and landuse practices.  Without being able to fully quantify all the 

variables leading to desertification, different views have naturally emerged; however, 

Eswaran et al., (2001) have used a variety of global databases to generalize global 
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desertification tension zones and assign land to one of four classes: low, medium, high 

and very high risk. Landuse decisions and management practices can then be tailored to a 

risk assessment base which could prevent further degradation and promote management 

practices to advance sustainable natural resources use.  

Saline soils are naturally found in the arid, semi-arid and coastal regions of the 

world where they cover between 260 million hectares (Mha) (Dudal, 1990) and 340 Mha 

(Szabolcs, 1986) of the all land surfaces. The United Nations Food and Agriculture 

Organization (FAO) classify these soils as Solonchaks (Driessen et al., 2001) and they 

typically exhibit high concentration of ‘soluble salts’ at some point in the year that can 

directly affect agricultural productivity and ecosystem functions (Thomas and Middleton, 

1993). Saline soils can occur naturally (primary salinization) or they can be human-

induced (secondary salinization), the latter accounting for 76 Mha worldwide (Ghassemi 

et al., 1995; Oldeman et al., 1991). Annual salinization of soils on a global scale is 

difficult to evaluate, however, Australia estimates its saline soils will rise from the 

current 5.7 million hectares to 17 million hectares by 2050 (National Land & Water 

Resources Audit, 2002). The impacts of increasing soil salinity can extend to water 

quality and water resource issues (Williams, 1999) further limiting the productivity of the 

land. 

Saline soils are characterized by an accumulation of salts on or near the surface 

where the rate of water lost to evapotranspiration is higher than the amount of water 

received from precipitation (Buol et al., 1997: Thomas & Middleton, 1993; Tan, 1998 

and others). The source of these salts can vary from natural weathering of minerals, 
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atmospheric deposition near oceans, fossil salts from marine or lacustrine deposits, 

mineralized groundwater and irrigation water (Salama et al., 1999; Schwartz et al., 1987). 

Salinization resulting from irrigation and the management of croplands irrigated with 

poor quality water is well represented in the literature (Szabolcs, 1986; Rhoades et al., 

1992; Beltran, 1999; Feng et al., 2003). The two main components of management are: 1) 

available water to leach salts below the root zone of a plant and 2) adequate drainage in 

the form of a deep soil profile or alternatively, the installation of tile drains to intercept 

the drainage water and divert it for re-use or disposal (van Schilfgaarde & Rhoades, 

1984; Ayers & Westcott, 1989; Hanson et al., 1993).  

 

1.3. Water conservation, reuse and potential impacts   

In addition to the propensity of soils to become saline under arid climatic 

conditions, the fresh water supply for expanding metropolitan areas, agriculture, industry 

and ecosystems is limited (Jackson et al., 2001; Vorosmarty et al., 2000) and impacted by 

weather patterns, drought and the ability to replenish aquifers or store water in reservoirs. 

Water conservation has become increasingly necessary and reclaimed water, or effluent, 

is used as a non-potable supply for irrigation purposes (Fox, 2001) primarily in urban 

settings.  However, the disposal of saline water from industrial processes, irrigated 

agriculture or desalinization plants is a topic of concern due to its detrimental effects on 

terrestrial (Thomas & Middleton, 1993) and aquatic systems (Ghassemi et al., 1995; 

Williams, 1999; Postel, 1999). Typically, brine is discharged into larger receiving bodies 

of water such as lakes, rivers or municipal sewer systems where it is diluted with low-
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salinity water but this may pose a hazard to downstream users and riparian habitats. The 

alternative practice of concentrating salts in evaporation ponds may pose a hazard to 

wildlife due to the possible bioaccumulation of toxic elements, such as selenium and 

organophosphates in the food chain (Ohlendorf et al., 1990). In recent years attention has 

been focused on using this saline water for irrigation purposes in a manner that will 

circumvent the problems associated with traditional disposal methods and provide an 

additional water source (Cameron et al., 1997; ADWR, 1989; TWS, 1996), but regulatory 

mandates stipulate it must be used in ways that protect surface and aquifer water quality 

(ADEQ, 1989). Although salinity management is practiced in agriculture, the use of 

effluent and saline water for other land uses is not so well documented and the indirect 

costs, or externalities, associated with its use could compromise current land use and 

decrease the versatility of future land use (Tillman & Surapaneni, 2002; Bond, 1998). 

In Arizona, the Central Arizona Salinity Study (CASS) is currently investigating 

the short and long term economic and environmental impacts of salinity within the major 

metropolitan areas of Phoenix and Tucson and the adjacent rural areas of Harquahala, 

Gila Bend and Pinal County.  The first phase of the project not only identified salt inputs 

from all sources including, for example, the Colorado River and the Salt River, 

groundwater, irrigated agriculture, and municipal/industrial effluent, but it also measured 

outflows.  Results for the Phoenix and Tucson areas show 1.1 millions tons and 100,000 

tons of salt respectively are retained annually (CASS, 2003). Phase 2 of the project will 

evaluate potential solutions. Clearly, the use of imported and/or poorer quality water in 

arid regions impacts the integrity and health of the soil and water resources and this study 



 14

highlights the dialogue that is now occurring between scientists and municipalities within 

discrete watersheds to focus on a problem that has, until recently, been kept out of the 

public domain.  

When salts accumulate in surface soils they have an impact on the diversity of 

native and landscape plants.  Unlike field crops, there has been almost no research on the 

salinity thresholds of other plant species except halophytes (Malcolm et al., 2003; Glenn 

& Brown, 1998) although attempts have been made to establish tolerance levels in 

existing plant stands found in saline soils (Aronson, 1989) and research is starting on 

perennial ornamentals commonly found in urban landscapes (Schuch & Mahato, 2002). 

As water conservation increases in urban areas and native plants become desirable for 

landscape purposes there will probably be more research conducted in this area. This 

research will also provide invaluable information for native plant selection in arid land 

restoration and revegetation projects. 

The degree to which a plant is able to withstand a saline soil environment depends 

upon its ability to extract water from a decreasing osmotic potential.  Normally the 

concentration of solutes in the root cell is higher than the soil water thus allowing water 

to move freely into the plant root.  As the soil solution concentration increases, the plant 

expends energy to either a) synthesize organic compounds, such as carbohydrates and 

amino acids, to counterbalance this higher solute concentration, or b) accumulate the salts 

in specialized leaf vacuoles or bladder hairs, secrete the salts through salt glands, or 

translocate the salts to other parts of the plant.  In both cases plant growth is affected and 

for landscape plants, visible salt damage in the form of leaf-burn, chlorosis or leaf drop 
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can detract from the plant’s aesthetics.  Increased soil salts can also produce ion toxicity 

and ion imbalance, affect protein synthesis and alter photosynthesis and respiration rates 

(Marschner, 2002). In some regions where saline land is accompanied by shallow water 

tables, hypoxia (low O2 concentrations) occurs from waterlogged soils and can have 

serious consequences on the metabolism of plants (Barrett-Lennard, 2003). Plants also 

differ in their tolerance to salts at different stages in their life cycle (ontogenesis), for 

example, seed germination appears to be particularly sensitive to salinity even if 

seedlings and mature plants can survive in more saline environments (Mikhiel et al., 

1992). Within urbanized environments where water management options, such as 

irrigation, are possible, plants can be individually monitored and soil salinity managed to 

maintain salt levels that are sustainable. 

 

1.4. Desert ecosystems 

Plant diversity and the ecological process of the southwestern deserts of the 

United States have been generally well characterized.  Although climatic features 

demarcate the boundaries of the three deserts in this region: the Mohave, Sonoran and 

Chihuahuan, they were initially described by their flora (Smith et al., 1997).  For 

example, Shreve (1951) published Vegetation of the Sonoran Desert in 1951, where he 

not only described vegetation structure and composition but he also included climatic 

factors and soil composition to explain spatial trends.  Since then Brown (1994), Turner 

et al. (1995) and others have further refined and expanded upon this original research. 
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Southwestern deserts occur in the Basin and Range Physiographic Province  

(Fenneman, 1931) typified by a series of mountain ranges interspersed by broad valleys 

and basins. On a landscape basis, geomorphology and substrate age contribute to spatial 

soil heterogeneity and by extension plant distribution (McAuliffe, 1999) with fluvial 

processes controlling the deposition of courser to finer-textured materials down a bajada- 

playa gradient (Wierenga et al. 1987) and wind-bourne materials being re-deposited on 

the bajadas from the valley floors (Schlesinger & Peterjohn 1988).  Although desert soils 

have often been described as immature (Evenari, 1985) pedogenic development across 

the region is highly variable with well developed argillic and calcium carbonate horizons 

occurring from the bajadas to the basin fluvial terraces (McAuliffe, 1994; Hendricks, 

1985) in relation to past and present erosional and depositional forces.  This juxtaposition 

of older and newer soils across the landscape exert a strong control over vegetation 

distribution due to the differential horizontal and vertical water infiltration and retention 

properties of the soils and thus the seasonal availability of water for desert plants 

(Hamerlynch et al., 2000; Parker, 1995).   

In the desert, drought and variable pulses of rainfall, delivered in winter and 

summer storms directly influence ecosystem function, and rainfall amounts as low as 

5mm have been shown to be ecologically significant in places such as the semiarid 

Patagonia steppe region (Sala & Lauenroth, 1982).  In the Mohave Desert where moisture 

deficits exist for most of the year and rain falls primarily during the winter months, plant 

available water is scarce and dominant plant forms include species with physiological 

characteristics that adapt to water stress. The Sonoran Desert has a bimodal rainfall 
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pattern with gentle winter rains and intense summer monsoons; the moisture deficit is 

generally found in the months immediately preceding and following the summer rains.   

In the Chihuahuan Desert summer rains predominate, but being at a higher elevation and 

having a lower regional evapotranspiration rate, the moisture deficit is not seasonally 

defined (Smith et al., 1997). Recruitment studies of native plants show these rainfall 

pulses influence germination and plant establishment rates.  For example Bowers et al. 

(2004) working at the Desert Laboratory on Tumamoc Hill in Tucson, Arizona found the 

minimum rain required for germination varied among species with a range from 17.5mm 

to 35.6mm, and our work in the Hasayampa Basin in western Maricopa County, Arizona 

showed the largest flush of native cohorts occurred with winter rains exceeding 13mm in 

a 24-hr period and summer rains exceeding 25mm in a 24-hr period; no germination 

occurred outside these precipitation values. In contrast, ruderals germinated on 

cumulative monthly totals ranging from 9.5mm to 15mm with daily rainfall amounts less 

than 6mm (Gerhart et al, in preparation). 

Nutrient levels and organic matter are naturally low in desert soils and exhibit 

high spatial variability (Smith et al., 1997). The Jornada Long Term Ecological Research 

(LTER) program in southern New Mexico has greatly contributed to our understanding of 

nutrient cycling in desert soils as they investigate temporal changes in ecological function 

as woody shrubs have invaded former grassland in the Chihuahuan Desert.  The 

generalized concept of this conversion assumes desert grasslands have a relatively 

uniform spatial distribution of soil resources, such as water, soil biota and nutrients, but 

when grasses are replaced by shrubs, a more heterogeneous resource base becomes 
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apparent as moisture, biota and nutrients concentrate beneath shrub canopies (Schlesinger 

et al. 1996) leaving the bare ground between shrubs deficient.  In addition, shrubs trap 

plant litter, moisture, seeds and aeolian dust, which perpetuates the concentration of 

resources in these discrete areas. In addition to the Jornada Research Station, several 

projects across the southwestern deserts are directing their research towards increased 

atmospheric deposition of greenhouse gases.  Of particular importance to desert 

ecosystems is increased nitrogen (N) deposition on native plant communities. In a 

Mohave Desert study, results indicated that even moderate increases in soil N (3.2 g N m-

2 year-1) significantly affected plant communities by increasing the dominance of invasive 

annuals over native species (Brooks, 2003). This increasing dominance of invasive plants 

can have cascading effects from loss of biodiversity to increased fire frequency.  

It has been said that next to moisture availability, salinity may have the greatest impact 

on biodiversity in desert regions (Smith et al., 1997 quoting Ayyad, 1981). The causes 

behind natural and anthropogenic salinization have been discussed but there is a growing 

awareness that salinity can also threaten native flora and fauna populations (Briggs & 

Taws, 2003; George et al., 1997). Accumulating salts, particularly sodium (Na) salts, in 

fine-textured soils can cause surface crusts resulting in reduced water infiltration and 

increased run-off following heavy rains, and there is an increasing tendency toward 

osmotic, ionic and nutrient stress in plants as the concentration of salts in the soil water 

increase. Salt tolerant plants (halophytes) are found in areas with naturally high salts and 

their presence in degraded arid lands are increasing, however it is unclear how the 

proliferation of halophytes across landscapes will affect biodiversity on a regional basis. 
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1.5. Ecological restoration  
 
 Ecological restoration is defined as “an intentional activity that initiates or 

accelerates the recovery of an ecosystem with respect to its health, integrity and 

sustainability” (SER, 2002). While other terms such as revegetation, reclamation, and 

rehabilitation are often used interchangeably with restoration, they are generally 

contained within the restoration rubric. The word “restoration” implies reconstructing 

something to its original, or historic state but in the ecological sense, conserving 

biodiversity, improving ecosystem function in degraded lands, reconnecting fragmented 

habitats and revegetating mined sites can all be forms of ecological restoration. However, 

returning any ecosystem to an original or ‘historic’ state in a time of constantly changing 

environmental perturbations is seen as improbable (Cairns, 1989; Hobbs & Norton, 1996) 

but this contradiction has had the effect of integrating different disciplines into the 

restoration field. For example, Aronson & Le Floc’h (1996) include geomorphic 

characteristics, landuse and human impact as well as wildlife corridors, biodiversity and 

resource fluxes among their sixteen vital landscape attributes used to quantify ecosystem 

structure, composition and functional complexity over time, and, Young (2000) and 

Dobson et al. (1997) sees conservation biology and restoration ecology as complimentary 

fields in addressing the biodiversity crisis. 

Because ecosystems are dynamic and react to natural and anthropogenic 

perturbations in a non-linear fashion (Gunderson, 2000) there can be a range of short and 

long-term outcomes following a restoration “intervention” (Hobbs & Harris, 2001). This 

dynamism suggests that ecosystem development, referred to as “trajectory” in the 
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restoration literature, does not follow traditional seral succession models but can occur in 

different states with a potentially different endpoint (Walker & del Moral, 2003) at any 

given point in time. For example, abiotic factors, disturbance and biotic invasions can 

alter the desired trajectory and cause ecosystem development to deflect from a target 

endpoint or goal (Temperton & Hobbs, 2004).  Understanding the linkages that contribute 

to ecosystem function adds immeasurably to determining the “potential” a particular site 

holds and the challenges lie in coupling existing abiotic and biotic conditions with 

restoration goals and objectives in a realistic way (Box, 1996). Failure to acknowledge 

the importance of structural and functional elements in ecosystems could hinder the 

success of projects and as Allen et al. (1999) noted  “neglecting soil conditions is 

probably the most common cause of failure of sites to recover from disturbance”. 

One of the biggest problems within the field of ecological restoration is 

quantitatively assessing the outcome of intervention strategies.  Reviewing the ecological 

restoration literature, every article and text emphasizes the need for short term and long 

term monitoring in order to assess project success through rigorous analytical evaluation 

and statistical testing (Hobbs & Norton, 1996; Cairns & Heckman, 1996) which has 

generally been interpreted as the degree to which the restored area is similar to a 

reference ecosystem. The duration of restoration projects average six years (Halle & 

Fattorini, 2004) whereas the repair of ecosystem function and structure takes decades to 

centuries (Van Diggelen et al. 2001; Michener, 1997; Hobbs & Norton, 1996; Cairns & 

Heckman, 1996) and long-term monitoring is seldom achievable due to financial 

restraints. Short-term experiments lasting a few months to a few years can produce a 
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distorted sense of future ecosystem conditions (Mitsch & Wilson, 1996) given the 

temporal and spatial variation in nature (White & Walker, 1997). However, the use of 

experimental plots are useful for short-term, site specific trials, for example, evaluating 

the use of irrigation on native seed emergence and establishment could guide protocols 

for establishing vegetation on a larger scale (Padgett et al., 2000). But even in small 

trials, replication of restoration “ treatments” may not be possible since similar conditions 

may not exist, and the use of large equipment makes replication impractical. This lack of 

replication does not preclude using conventional statistics such as an analysis of variance 

(ANOVA) with repeated measures (Michener, 1997; Gotelli & Ellison, 2004).  In this 

case, each plot, for example, would receive a single treatment and then multiple 

observations would be made at different points in time. This method is widely used in 

pharmaceutical trials to test temporal effects of drugs on individuals.    

Arid land restoration is particularly challenging because ecosystem processes are 

much slower to develop than those in mesic environments (Smith et al., 1997). 

Vegetation trends can be monitored but processes linking soil amelioration, surface and 

subsurface hydrology and nutrient cycling are more difficult, especially during periods of 

low rainfall or drought.  In some cases, the presence of vegetation and wildlife have to 

serve as a proxy, or ecological indicator, for quantitative abiotic data (Lake, 2001) since 

it is assumed that some level of ecosystem function is operating to support the presence 

of those plants and animals. Long-term outcomes are difficult to predict (Wali, 1999) and 

are usually inferred from observations at older restoration sites and proximal natural 

habitats.   
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1.6. Explanation of dissertation format 
 
 The research that will be presented in the following appendices consist of two 

aspects of salinity in arid regions.  The first paper is in the format of the Journal of 

Environmental Quality where it was submitted in 2004.  The second paper is formatted 

for Restoration Ecology and the third paper is formatted for Landscape and Urban 

Planning.  The second and third papers are being prepared for submission. 

The title of the study presented in APPENDIX A is: “Recycling Industrial Saline 

Wastewater for Landscape Irrigation in an Arid, Urban Environment” by Vanda J. 

Gerhart, Reland Kane and Edward P. Glenn.  The role of the dissertation author in this 

study was writing research proposals, designing the experiment, coordinating the 

installation of the project and it’s maintenance, collecting and analyzing field data, 

writing project report and writing the final paper. 

APPENDIX B includes the paper titled “ Species richness and density of native 

plants affected by site preparation in the restoration of abandoned farmland in the 

Sonoran Desert ” by Vanda J. Gerhart, Dan James, Martin R. Yoklic and Edward P. 

Glenn. The role of the dissertation author in this study was Principal Investigator. 

Responsibilities included writing proposals, coordinating with the sponsor, collaborating 

with an interdisciplinary team to design and oversee the initial 80 hectare restoration test 

area, manage the greenhouses at The Environmental Research Laboratory (ERL) where 

native plants were propagated for transplanting to the project site, coordinate graduate 

student data collection, analyze data, write project reports and the final paper. 
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  The paper titled “Restoring open-space at the industrial-rural interface: 

assessment, planning and design for returning sustainable ecological function to 

abandoned farmland in the Sonoran Desert” by Vanda J. Gerhart and Martin R. Yoklic is 

found in APPENDIX C.  The Role of the dissertation author in this study was Principal 

Investigator for the site assessment and Co-PI for the design and planning portion of the 

project. Responsibilities included writing proposals, coordinating with the sponsor, 

conducting initial site assessment and data analysis, attending public meetings to form a 

consensus on the design, collaborating with an interdisciplinary team of engineers and 

landscape planners to finalize design details, reviewing contractor bids, coordinating the 

restoration process, writing project reports, presenting the project at conferences and for 

the sponsor at various outreach programs, and writing the final paper.  The co-author was 

responsible for all the design, planning and contractor documents and was part of the 

team in all the above responsibilities.  
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2. PRESENT STUDY 

 Two aspects of soil and water quality in arid regions as they relate to optimizing 

conditions for plant establishment are presented in the following appendices.  The first 

study presented in APPENDIX A, investigates the use of industrially generated brine as 

an irrigation source for landscape plants in an urban setting.  The second and third papers, 

found in APPENDIX B and C respectively, focus on the restoration of arid, saline, 

abandoned farmland where the goals were to restructure abiotic and biotic features to 

promote long-term sustainability without continuous inputs and maintenance. 

The following is a summary of the most important findings in the first paper 

presented in APPENDIX A. 

 The plants selected for this study represented a typical selection of trees, shrubs 

and groundcovers used in local municipal and commercial landscape projects.  All the 

species grew well across the range of salinities with no significant effects (P<0.05) of 

salinity on growth or water use. Soil salinity increased as a function of increasing levels 

of salt in the irrigation water, but soil EC did not increase significantly over time for any 

treatment.  Seasonal water requirements were closely correlated with potential 

evapotranspiration as calculated by the Blaney-Criddle method, but differed widely 

between species.  We concluded selected species of landscape plants can be grown on 

brines with EC= 3.65dS m-1 but the management of the salts leached below the root zone 

is a critical issue and the long-term safety of using these water supplies needs to be 

evaluated on a site-specific basis. 
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The following is a summary of the most important findings reported in the study 

presented in APPENDIX B. 

Species richness and density of native plants established under dry-seeding and 

hydroseeding techniques varied in response to soil surface treatments. Hydroseeding a 

native seed mix onto soil that was ripped and imprinted was the only treatment with a 

high density of plants at the end of the second year. This treatment also contained the 

greatest number of species.  Results from the two forms of irrigation used showed a drip 

system helped establish native transplants but the additional water also allowed Salsola 

kali and Brassica nigra, two weedy annuals, to proliferate.  Likewise, irrigation 

stimulated the growth and establishment of weedy annuals in areas seeded with a custom 

mix of native species and their dominance appears to have suppressed germination and 

establishment of native species. There was a distinctly different germination response to 

precipitation between native and ruderal species. The largest flush of native cohorts were 

seen when > 13mm of rain fell in the winter during a 24 hour period and > 24mm of rain 

fell in the summer months within a 24 hour period; almost no germination occurred 

outside these precipitation values.  In contrast, the ruderals germinated on cumulative 

monthly totals ranging from 9.5mm to 15mm with daily rainfall amounts < 6mm. 

The following is a summary of the most important findings reported in the study 

presented in APPENDIX C. 

Based on a regional landscape and a project site assessment of abiotic and biotic 

features, the following were identified as the top priorities for supporting a biodiverse 

flora and fauna in a sustainable manner under the open space designation: water 
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management, erosion control, decreasing soil salinity, and increasing species diversity 

and vegetation cover. These priorities drove the design and planning phase of the project, 

cumulating in a set of contractor documents to implement the restoration of this land.  

Two strategies evolved in the planning process that work in tandem to achieve these 

goals: The first was a water management system that redirected storm water and run-off 

to discrete areas of the site for long-term erosion control, leaching of salts, and subsurface 

storage as plant available water. The second introduced a diverse mix of native plants by 

transplanting seedlings under a drip irrigation system, and broadcast seeding under a soil 

treatment regime. A pilot project on 80 hectares tested the strategies before they were 

applied to the larger area. The limited time allocated to a project of this nature precludes 

the ability to conduct monitoring on a time frame tied to ecosystem development. Instead 

probable outcomes are inferred from observations at older restoration sites, reference 

areas and short-term, on-site monitoring.    
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Abstract 

With water conservation efforts accelerating in arid environments, industrial 

wastewater is considered a candidate for re-use.  We investigated the possibility of using 

high-TDS (total dissolved solids) blowdown water from cooling towers to irrigate 

common landscape plants in a desert, urban environment.  Nine species (three desert 

legume trees, three xeric-adapted shrubs and three groundcovers) were planted in a 

replicate block design on a 0.2 ha site.  Each plant was irrigated according to water 

demand determined by the soil moisture deficit, with one of three water treatments: 

blowdown water (3.65 dS m-1, 2340 mg l-1), well water (0.52 dS m-1, 335 mg l-1) and a 

1:1 blend (2.09 dS m-1, 1340 mg l-1).  Water uptake, plant growth rates and soil salinity 

were monitored over a 27- month period. Irrigation rates were reduced for the final 12 

months of the study to more closely match standard landscape practices.  All plants grew 

well over the study and irrigation salinity did not have a significant effect (P>0.05) on 

growth or water use.  Soil salinities were higher in basins irrigated with blowdown water 

compared to those irrigated with well water, but soil salinities did not increase 

significantly over time for any treatment.   Seasonal water requirements were closely 

correlated with potential evapotranspiration as calculated by the Blaney-Criddle method, 

but crop coefficients differed widely among species.  The overall feasibility of reusing 

industrial brines to irrigate urban landscapes is discussed in light of the results. 
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Introduction 

The disposal of saline water, whether it is generated from irrigated agriculture, 

industry or desalinization plants, is a topic of concern due to its potential detrimental 

effect on terrestrial (Thomas & Middleton, 1993; Rhoades, 1990; Szabolcs, 1986) and 

aquatic ecosystems (Ghassemi et al., 1995; Postel, 1999; Williams, 1999). Typically, 

brine is discharged into larger receiving bodies of water such as lakes, rivers or municipal 

sewer systems where it is diluted with low-salinity water (Westcot, 1988; van 

Schilfgaarde et al., 1984).  However, this may pose a salinity hazard to downstream users 

and natural riparian areas. The alternative practice of concentrating salts in evaporation 

ponds may pose a hazard to wildlife and migratory birds due to the possible 

bioaccumulation of toxic elements, such as selenium and organophosphates in the food 

chain (Ohlendorf et al., 1990).    

In the western part of the United States where good quality water is in short 

supply, conservation efforts have been directed at using effluent for non-potable uses 

such as golf courses and parkways. Industrially generated brine, usually the by-product of 

cooling towers at electrical generating stations and large commercial buildings, is the 

single largest category of industrial wastewater in urban areas. In recent years attention 

has been focused on land application of this saline water in a manner that will circumvent 

the problems associated with traditional disposal methods and provide an additional 

water source for municipal uses (Cameron et al., 1997; ADWR, 1989; TWS, 1996), but it 

must be used in ways that protect surface and aquifer water quality (ADEQ, 1989).   
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Industrial wastewater from blowdown cooling towers generally has high salinity 

and variable concentrations of anti-scaling chemical compounds used for equipment 

maintenance.  Experience from the agricultural sector shows that saline water can be 

successfully used for crop irrigation purposes (Ayers & Westcot, 1989; Hanson et al., 

1993) provided management strategies are employed to maintain soil solution salinity 

levels below some crop dependent threshold and ensure adequate drainage is present 

(Beltran, 1999; Rhoades et al., 1988).   

In non-agricultural settings, the feasibility of using poor-quality water for 

irrigation is less well understood since the salinity-tolerance of most plants has not been 

quantified (see Aronson, 1989; NRC, 1990; Phillips, 1987) and the management practices 

needed to use this water safely have not been developed. Halophytes have been 

successfully irrigated with industrial brines (Glenn et al., 1998), but the typical plants 

used in urban landscapes have not been tested.  Furthermore, salinity management 

techniques developed for agricultural crops, which emphasize maximizing the yield of 

primarily annual crops, are difficult to apply to landscape plants, where the goal is to 

maintain the appearance of perennial species over time.  Thus the feasibility of using 

industrial brines on conventional landscape plants has not been established. 

This study tested the effects of saline wastewater on the growth of nine common 

landscape plants, and attempted to develop best management practices with respect to 

consumptive use and salinity management of these plants.  The results show that these 

landscape plants have the required salt tolerance to be irrigated with saline water, but 

irrigation management strategies still need to be developed, and irrigation with saline 
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water results in a net discharge of salts below the root zone, presenting a possible salinity 

hazard if there is a usable aquifer under the site. 

 

Materials and Methods 

Site Description and Irrigation Treatments 

A field experiment was conducted on a 0.2 ha field site, located at the Tucson 

Electric Power Company (TEP) electric generating station in Tucson, Arizona.   The TEP 

plant generates 1.88 x 106 l of blowdown cooling tower water annually which represents 

0.16% of the annual municipal wastewater received at the Pima County Wastewater 

Treatment Plant.  Water used for the cooling towers originates from private on-site wells 

that pump from the underlying aquifer.  This well water, with an initial salinity of 0.52 dS 

m-1 (335 mg l-1 TDS), is cycled through the cooling towers seven times before it is 

discharged to the sewage system and replaced with additional well water. The salinity of 

the discharged water is 3.65 dS m-1 (2340 mg l-1 TDS). 

Three water salinity levels were tested:  well water (EC = 0.52 dS m-1) a 1:1 blend 

of well water and blowdown water (EC = 2.09 dS m-1); and blowdown cooling tower 

water (EC = 3.65 dS m-1). The site was divided into three landscape groupings 

representing trees, shrubs and groundcovers with three replicate blocks allotted to each 

grouping. Each species was irrigated with all three water types.  Plant position was 

determined by randomizing within each block. Figure 1 shows the layout of the field site. 
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Selection of Plants 

The criteria for plant selection addressed the following five points: 1) the 

likelihood the plant would remain healthy using blowdown cooling tower water during 

the length of the study, 2) the plants selected would include drought tolerant/low water 

use species as well as popular species requiring more water, 3) the plants would have a 

degree of frost tolerance since the site in unprotected and subject to mild freezes during 

the winter months, 4) all the plants would have landscape qualities and would meet the 

needs of the commercial landscape companies with respect to water use, maintenance and 

year-round visual appeal, 5) all the plants had to meet a request from TEP’s 

environmental department to keep plant litter to a minimum. Table 1 lists the species 

selected for the study. 

 

Initial Soil Conditions and Plot Construction 

The undisturbed site was characterized by poorly drained, compacted, very 

gravelly, coarse sandy loam. Chemical properties of the soil prior to planting are reported 

in Table 2, initial soil salinity levels are in Table 3 and physical properties of the soil are 

in Table 4. 

Planting basins were constructed by first excavating holes with a mechanical 

auger.  Planting basins for trees measured 0.9 m in diameter, 1.5 m in depth and were 

placed on 6 m centers while shrub and groundcover planting basins measured 0.6 m in 

diameter, 0.9 m in depth and were placed on 3 m centers.  Soil removed from each basin 

was amended with an organic conditioner (10% by volume) and ammonium phosphate 
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(28g/.03m3 soil) then replaced into the planting hole. A 5 cm diameter, thin-walled, PVC 

access port was installed at the base of each planting basin to provide a means of 

measuring soil moisture on a regular basis without disturbing the plant roots.  Four 

additional access ports (controls) were located to the east and west of the designated 

experimental site to monitor soil moisture conditions in the absence of irrigation.  Wire 

cages were placed around each plant to protect them from the large population of rabbits 

within the boundaries of the electric generating station. 

 

Irrigation Management 

 Soil moisture readings in the plant basins were collected weekly during the 

growing season from April to September and then every two weeks from October to 

March.  The moisture content of the soil in each basin was measured in 0.3 m increments 

down to 1.5 m for the trees and 0.9 m for the shrubs and groundcovers.  Count ratios 

from a neutron hydroprobe (CPN® Model 503) calibrated to this soil, were converted to 

liters of water needed to bring the soil back to field capacity in the upper 1.2 m of the tree 

basins and the upper 0.6 m in the shrub and groundcover basins.   Field capacity was 

defined as the moisture content of the soil 24 hours after a saturating irrigation.  No 

leaching fraction was added.  After 18 months the irrigation regime was modified for the 

final growing season to more closely reflect standards employed by the landscape 

industry.   

              Irrigation water was stored in three 7560 l tanks, one designated for each salinity 

treatment, and delivered to individual plants via a network of underground pipes attached 



 43

to surface drip lines. Irrigation rates were 95 l h-1 to trees and 45 l h-1 to shrubs and 

groundcovers; each basin had a shut-off valve to accurately control the amount of water 

delivered to individual plants. The chemical composition of the blowdown cooling tower 

water is given in Table 5 with the primary salt being sodium sulfate. 

 

Assessment of Best Management Practices 

Best Management Practices (BMP) for the legal reuse of wastewater, as stipulated 

by Arizona Department of Environmental Quality (ADEQ, 1992), was defined as 

maximizing water use efficiency (WUE) based on the Blaney-Criddle water consumption 

model (Brower & Heibloem, 1986).   The Blaney-Criddle model determines the potential 

evapotranspiraton (ETo) of a grass reference crop based on mean monthly air temperature 

and hours of sunlight.  It requires knowledge of the crop coefficient (Kc) relating crop ET 

to ETo.   Although this model was developed for annual agricultural crops we apply it 

here to perennial landscape plants with increasing canopy cover over time and root 

systems that generally exceed those of most agricultural crops.  The Blaney-Criddle 

consumptive use equation (Schwab et al., 1996) is: 

 U=ktp/100=kf 

where: U= monthly ET, k=monthly ET (consumptive use) coefficient, t=mean monthly 

temperature, p=monthly % annual daytime hours, f=(tp/100)= monthly ET(consumptive 

use) factor. 

BMP for the first phase of the study was based on maximizing the consumptive 

use of individual plants to determine Kc for each species under each salinity treatment, 
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while the second phase of the study used irrigation rates that were approximately one-half 

the values used in the first year.  These reduced irrigation rates more closely reflect 

typical water use in the area, and they curb the unsustainable growth of trees that 

occurred in the first 18 months of the study.  

 

Data Collection and Statistical Analysis 

Soil samples were taken biannually at depths of 0.3 m, 0.9 m, and 1.5 m in the 

individual tree basins and 0.3 m and 0.9 m in the individual shrub and groundcover 

basins. Electrical conductivity (EC, dS m-1) was measured in 1:5 soil extracts.  Three 

canopy cover measurements were recorded in January 1999, 2000 and 2001 by taking the 

height, and width on two axis of each plant in the study.  Meteorological data was 

collected from the University of Arizona’s Tucson AZMET database and used to 

calculate ETo.  A 2-way analysis of variance (ANOVA) was used to analyze water 

quality and quantity against canopy area, and water quality against soil EC. P<0.05 was 

used as the significance level for all F-tests. 

 

Results 

 Meteorological Conditions  

There were no differences in the temperature conditions during the study period 

against a ten-year mean for the Tucson area although there was a strong interannual 

variability in precipitation (Figure 2).  The Blaney-Criddle ETo closely tracked the 

monthly mean temperature as expected.   A July 1998 rainfall at the beginning of the 
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experiment caused excessive run-off from the surrounding area resulting in large amounts 

of water accumulating in the planting wells. Diversion berms were subsequently placed 

on the upslope side of the study area to redirect the water away from the plants and 

towards an existing storm drain.  Strong winds in July 1999 broke limbs off some of the 

trees, introducing a source of error into the growth and ET estimates. 

 

Water Use  

The salinity of the irrigation water did not have a significant effect on the total 

amount of water required by the trees (F=1.63; p =0.22), shrubs (F=0.62; p =0.55), or 

groundcovers (F=0.03; p =0.97), however, the amount of water used differed 

significantly between plant species within each group (trees: F =15.82, p<0.001; shrubs: 

F=17.62, p<0.001; groundcover: F=35.05, p<0.001).  Figures 3-5, show mean monthly 

water use for each plant, pooled across salinities and within plant groupings from October 

1998 to September 1999.  Overall the three plant types, trees, shrubs and groundcover 

followed the same general pattern of seasonal water, closely matching the seasonal ETo 

curve, but variations existed between and within plant types.     

 

Canopy Cover  

Data for canopy cover was converted to both area and volume for each plant in 

the study to evaluate water use per unit of canopy cover between species.  The natural 

growth habits of the plants varied widely so a comparison of relative water use to area 

versus volume of canopy cover was an important consideration. Within the landscape 
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trade irrigation rates are generally calculated on an area basis, but water demand is more 

closely related to canopy volume.  A conversion ratio, based on individual plants, is 

given in Table 6, to switch between liters/ m2 of canopy cover per year and liters/m3 of 

canopy cover per year.  In general the ratio is approximately 1:7 for trees, 1:3 for shrubs 

and 1:1 for groundcovers.  Across species, the linear regression between canopy volume 

and canopy area had an r2=0.87. 

The salinity of the irrigation water did not have a significant impact on canopy  

volume (trees: F =0.25, p=0.780; shrubs: F=1.23, p=0.318; groundcover: F=1.89 

p=0.2280 or area (trees: F =0.71, p=0.506; shrubs: F=0.19, p=0.679; groundcover: 

F=2.64 p=0.165) during the first year.   However, when irrigation amounts were reduced 

in the second year, salinity treatment became significant for the tree species (F =10.56; 

p=0.001) but not for the shrub and groundcover (F =1.25,  p =0.315; F=0.12, p=0.740 ) 

species. During the first year, the average percentage growth rate of the trees was 188% 

while the growth rate for the second year was 60%, reflecting a more sustainable pattern 

of growth. None of the plants showed salt damage to their foliage under the blowdown or 

the blended water treatments.    

Water use efficiency (WUE=liters of water used per m2 of canopy cover) of each 

species is shown in Figure 6, and Table 7 shows WUE for each species in the study.  

Trees had the highest WUE with a mean of 297 l m-2 yr-1 during the establishment period 

while, at the other extreme, the shrub Sophora and the groundcover Roseminarus used up 

to 3876 l m-2 yr-1, and 1678 l m-2 yr-1, respectively.  
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Consumptive Use 

Crop coefficients (Kc) were calculated for each species in the study using the 

Blaney-Criddle formula.  Kc values were computed from the canopy cover area of 

individual species using data from a) the first year plant growth period and b) the second 

year, when plants were well established. Mean water treatments were combined across 

salinities for these calculations. Water use of the plant groups regressed against ETo had 

r2 values of 0.81 for trees, 0.71 for shrubs and 0.68 for groundcovers.   Table 8 shows the 

Kc values for the individual species in this study. To determine annual irrigation rates for 

each species, ETc = Kc(canopy cover)(ETo) where ETo for the Tucson basin = 119cm yr-1. 

Table 9 shows the proportion of irrigation allocated to each month in the Tucson basin.  

 

Soil Salinity 

The initial soil salinity of the project area was characterized by a band of higher 

soil EC readings running through the central portion of the site.  Since the high-salinity 

band ran across blocks, the salinity of the planting blocks was averaged (2.68dS m-1) to 

compare initial salinity values with treatment effects.  However, the block effect was 

found to be significant (trees: F =11.87, p<0.001; shrubs: F=9.88, p<0.001; groundcover: 

F=7.88 p<0.001) within the three plant groupings.  For the trees, species (F=8.4: 

p<0.001), salinity of the irrigation water (F =183.9, p<0.001) and sampling depth (F 

=8.85, p<0.001) were also significant. For the shrubs and groundcover, species (F 

=18.04, p<0.001; F =34.92, p<0.001) and salinity of irrigation water (F =123.44, 

p<0.001: F =100.5, p<0.001) were significant but sampling depth (P>0.05) was not 
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significant.  Across the project site sample event (n=5) was not significant (P>0.05).  Soil 

salinity generally increased with depth under the blowdown water treatment within the 

tree planting basins, however the significance (p=0.010) registered in the ANOVA can be 

attributed to a spike in the EC at 1 meter in block B.  In both block A and C the soil EC 

remained constant throughout the 1.5 m profile indicating there was active leaching.  

However, the spike at 1m in block B could indicate an impediment to deeper water 

percolation causing salts to concentrate at this depth.  

In addition, two noticeable dips in soil salinity were recorded in the November 

1999 and December 2000 samplings. These dips were probably the result of heavy 

precipitation; rainfall greater than 1.27cm within a 24- hour period was observed to cause 

flooding in individual plant basins. This freshwater input is small on an annual basis but 

it appears to temporarily reduce soil salinity and increase leaching in individual basins. 

Composite chemical soil analysis for the tree basins was conducted at the 

beginning and the end of the project.  Soil from the plant basins were mixed across 

depths and replications under each water treatment. The trees were chosen since their 

water use and associated salts were higher than those for shrubs and groundcover species 

and with this higher water use any long-term trends were more likely to be evident. Table 

10 shows the results of this analysis.  Cation content did not change appreciably over 

time under the three water treatments. Nitrogen and phosphorus levels ranged from 

medium to very low by the end of the project and alkalinity remained high as expected in 

arid soils.   
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A leaching requirement (LR) was calculated for each species across replications 

(blocks) and depth and then averaged across sampling events using the formula:  

 
LR=___ECw____ 
       5(ECe)- ECw  

 

where: LR = leaching requirement, ECw=salinity of the irrigation water, ECe=soil 

salinity (Rhoades & Merrill, 1976). Table 11 shows the leaching requirement for 

individual species under the three irrigation treatments together with the range, mean and 

standard error of the mean (SEM).  Since we did not calculate a LR in the water 

application rates, this LR represents water that drained from the basins when it reached 

the salinity tolerance limit of the plants in the basins.  For most species, LR increased in 

proportion to the increase in the salinity of the irrigation water.  The two exceptions were 

Acacia and Malephora where the LR for the blended water was slightly higher or the 

same as the blowdown water.   

 

Discussion 

  The goals of this study were: 1) based on plant performance, to determine if saline 

water from industrial cooling tower can be used to irrigate species typically used in 

commercial landscapes in the southwestern U.S., 2) address the regulatory mandates 

dictating BMP to prevent salts from reaching the underlying aquifer, and 3) to begin to 

assess the overall feasibility of using saline water for urban landscape projects. 
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Plant Performance   

The plant species represented typical selections used in local municipal and 

commercial landscape projects.  All the species grew well across the range of salinities 

with no significant effects of salinity on growth or water use.  Soil salinity increased as a 

function of increasing levels of salts in the irrigation supply, but soil EC did not increase 

over time, indicating that an equilibrium between water application rates and leaching 

rates was achieved.   We conclude that these species have sufficient salt tolerance to be 

irrigated with brines containing 2300 mg l-1 TDS (EC 3.59dS m-1), or mixtures of brine 

and well water at lower salinity levels.  The salinity of cooling tower brines is typically in 

the range of 2,000 mg l-1 to 5,000 mg l-1 TDS (EC 3.12 to 7.81dS m-1) (Glenn et al., 

1998; Riley et al., 1997); hence, these water sources could conceivably be used either 

directly or in blends to irrigate typical landscape plants.  Although not tested in the 

present trials, another study showed that bermuda grass (Cynodon dactylon) and 

paspalum grass (Paspalum vaginatum) could be irrigated with water up to 4,000 mg l-1 

(Glenn et al., 1998).   Hence, a wide range of trees, shrubs, groundcovers and turfs have 

sufficient salt tolerance to withstand irrigation with typical industrial brines. 

We did not supply a LR in calculating the water requirement for each basin.  

However, as plants take up water from the soil solution, most of the salts are left behind.  

When plants are irrigated with saline water, they can only remove water from the soil up 

to their salt tolerance limit (e.g., Rhoades, 1990; Westcot, 1988), and this constraint 

imposes a limit on water uptake, creating a de facto LR depending on the salinity of the 

irrigation supply (Glenn et al., 1998; El-Haddad & Noaman, 2001; Noaman & El-
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Haddad, 2000; Miyamoto et al., 1996).  Malephora and Acacia were the only plants that 

did not increase their LR at the highest salinity; this could indicate they had not reached 

their tolerance limits.  These results show that as the salinity of the irrigation supply 

increases, the amount of water and salt discharged past the root zone will increase as 

well.  Landscapes irrigated with full strength blowdown water will discharge substantial 

quantities of saline water into and beyond the root zone. 

 

Best Management Practices 

BMP established for disposal of industrial brines require that water applications 

cannot exceed KcETo as estimated by the Blaney-Criddle water consumption model 

(Brower & Heibloem, 1986).  Applying this model requires a knowledge of Kc for each 

species under irrigation.  This water consumption model was developed to anticipate 

irrigation needs of specific agricultural crops during a growing season. Although Kc 

values were computed for the nine landscape plants for establishment and growth and 

then for more mature plants, these values are site specific and they changed constantly, as 

the plants increased in volume and canopy cover.  The values also included water 

discharged from the basins.  The goal of "zero discharge", which is implied in the 

Arizona regulations for reuse, cannot be met if saline water is used for irrigation.  In fact, 

even plants grown on well water had LR's on the order of 0.2, resulting in the discharge 

of water past the root zone.   

Unlike crops, which are generally irrigated to maximize yield, landscape plants 

are grown to cover a fixed area of ground, then are maintained at that size with as little 
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input of water as possible.  Hence, it is not practical to supply the volumes of water 

needed to meet ETo or ETc as we did during the first 15 months.  Half of ETc appears to 

be a reasonable irrigation rate based on the present results.  However, much more work 

would be needed to determine detailed guidelines for irrigating landscape plants with 

saline water.  Not only plant species, but also soil type and irrigation method would have 

to be specified to determine an irrigation schedule.  Periodic testing of soil salinity levels 

might be needed to adjust irrigation schedules.  Without detailed guidelines and testing 

protocols, landscape managers could inadvertently damage landscapings by exceeding 

the tolerance limit of the plants, or they could apply more water than is needed, resulting 

in needless discharge to the environment. 

Lysimeter experiments designed to quantify actual water use and salinity 

tolerance against plant growth at differing salinity treatments would add measurably to 

understanding the feasibility of using industrial brine for irrigation. Leaching 

requirements could then be computed using standard methods employed by agriculture.  

 

Overall Feasibility of Saline Irrigation and Alternatives 

Overall, the results from this project indicate that industrial brines could be 

suitable for use on landscapes in urban areas provided that detailed BMP are developed 

specifically for this type of reuse.  Agricultural models of consumptive use are not well 

suited to landscape plantings, furthermore, salts and water will inevitably be discharged 

past the root zone when saline water is used for irrigation.  Whether this practice is safe 

and sustainable over time is site specific.  For example, over-irrigation of landscapings in 
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the presence of a high, saline water table resulted in saline water surfacing in low areas of 

the city of Henderson, Nevada (Smith & Guitjens, 1998). 

Geomorphic features are variable across the greater Tucson basin and their 

associated soils differ spatially and temporally across the landscape.   The soils at the 

TEP site, which are generally characteristic of the central portion of the valley floor, are 

gravelly, coarse sandy loams with no discernable impeding layer within the upper 2 m. 

Percolation and infiltration of irrigation water and precipitation were rapid in the planting 

basins, hence salts did not accumulate within the root zone.  Riley et al. (1997) analyzed 

the long-term potential for saline irrigation in the Tucson area.  Near the center of the 

basin, the usable aquifer is deep and separated from the surface by inter-layering of clay, 

silt, sand, and gravel deposits.  They concluded that such areas could be irrigated with 

saline water for more than 100 years without affecting the quality of the underlying 

groundwater.  On the other hand, irrigation along stream channels or faults could impact 

the aquifer and contaminate extended areas, as has already happened with other 

contaminants in the Tucson area (Leake & Hanson, 1987).  

An alternative to using undiluted brine is to blend it into existing irrigation 

supplies, as in the blended treatment in the present experiment.  This practice would 

reduce the local salinity hazard, but would spread the salts over a wider area.  However, 

the present results show that undiluted brine can support the growth of all the test species, 

so blending would be considered a beneficial use that would extend the overall water 

available for landscaping. 
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Conclusions 

Some trees, shrubs and groundcovers typically used in southwestern U.S. urban 

landscapes can be grown on brines containing 2300 mg l-1 salts, which is over twice the 

salinity typically used to irrigate crops in this area.  Brines in this salinity range are 

generated in large volumes by electric generating stations, cooling towers, and 

desalination plants.  If used wisely these saline water supplies could extend the amount of 

water available for urban landscaping and reduce the discharge of saline water into sewer 

systems and natural drainages.  However, discharge of saline water below the root zone is 

inevitable when saline water is used for irrigation.  BMP have yet to be developed for 

urban use of saline water, and the long-term safety of using these water supplies would 

need to be evaluated on a site-specific basis. 
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Figure 1. Layout of field site at TEP’s generating station in Tucson, AZ 
 

 
 
 
 
Table 1.  Landscape plants selected for the study. 

Group 1.  Trees  Group 2.  Shrubs  Group 3. Groundcover  
Prosopis chilensis Sophora secundiflora Malephora spp. 

Cercidium var. Desert 
museum 

Leucophyllum spp. Rosemarinus officinalis 

Acacia stenophylla Caliandra californica Dalea greggii 
 
 
 
 
 
Table 2. Chemical composition of soil prior to planting.   

pH EC  
dS m-1 
 

Ca 
mg l-1 

Mg 
mg l-1 

Na 
mg l-1

K 
mg l-1 

NO3-N 
mg l-1 

P (bicarb- 
sol P) mg l-1

ESP 
% 

Free Lime 
level 

CEC 
Meq 100g-1

8.0 4.0 7300 260 260 110 48.6 4.1 2.8 High 7.6 

 

AB
C 

G

H

JD

E 

F 
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Table 3. Initial soil salinity across planting blocks. 
 Trees Shrubs Groundcovers 
Blocks A B C D E F G H J 

EC  
 (dS m-1) 

1.8 2.85 1.85 2.25 3.05 2.15 3.9 1.75 4.75 

 
 

Table 4. Physical properties of the soil. 
Soil Texture Gravel 

% 
Sand 

% 
Silt 
% 

Clay 
% 

Bulk Density 
G cm-3 

Field Capacity 
% by vol. 

Very gravelly 
sandy loam 

 
39 

 
68 

 
25 

 
7 

 
1.125* 

 
17 

*Bulk density was measured after organic amendments were added and prior to planting  
 
 
 
Table 5. Chemical composition of blowdown cooling tower water at the TEP generating 
station. 

pH EC 

dSm-1 

CO3 

mg l-1 

HCO3 
 
mg l-1 

SiO2 

mg l-1 

Cl 
 
mg l-1 

SO4 
 
mg l-1 

Ort
ho 
PO
4 
mg 
l-1 
 

Poly
PO4 

mg l-1

Org. 
PO4 

mg l-1

Ca 
 

mg l-1

Mg 
 
mg l-1

Na 
 

mg l-1

K 
 

mg l-1

Fe 
 

mg l-

1l 

Cu 
 

mg l-

1 

Mn 
 
mg l-1 

Al 
 

mg l-1 

Zn 
 
mg l-1 

Ni 
 

 mg l-1

CrO4 
 
 mg l-1

Tolyltri-
azole 
 mg l-1 

8.5 3.65 5.3 12.2 198 98 1500 3.2 1.8 1.5 340 44 480 18 0.1 0.1 <0.05 <0.1 <0.05 <0.05 <0.05 0.6 
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Figure 2. Climatic Conditions in Tucson, AZ. 1998 - 2000
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Figure 3.  Water use for trees from October 1998 to September 1999
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  Figure 4.  Water use for shrubs from October 1998 to September 1999
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Figure 5. Water use for ground cover from October 1998 to September 1999
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Table 6.  Ratio between canopy cover area versus volume based on liters/unit area/year. 
Plant Prosopis Cercidium Acacia Sophora Leuco- 

phyllym 
Calli- 
andra 

Malephora Rosema- 
rinus 

Dalea 

Ratio 1:6 1:6 1:9.5 1:2 1:3 1:4 1:1 1:1 1:1.5 
    
 
 

 

Figure 6.  Water use efficiency of plants measured in liters / area of canopy cover / year

1=Prosopis, 2=Cercidium, 3=Acacia, 4=Sophora, 5=Leucophyllum, 6=Calliandra, 7=Malephora, 
8=Rosminarinus, 9=Dalea. a=blowdown, b=1:1blend, c=well water
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Table 7. WUE of individual species 
Species L/m2/yr 
Prosopis chilensis 173 
Cercidium var. Desert museum 348 
Acacia stenophylla 370 
Sophora secundiflora 3876 
Leucophyllum spp. 706 
Caliandra californica 865 
Malephora spp. 294 
Rosemarinus officinalis 1678 
Dalea greggii 340 
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Table 8. Crop coefficients (Kc) for all plant species 
 
Species 

Establishment & Growth o
of Plants 
Kc (crop coefficient) 

Established Plants 
 
Kc (crop coefficient) 

Prosopis chilensis 0.09 0.04 

Cercidium var. Desert Museum0.19 0.09 

Acacia stenophylla 0.20 0.07 

Sophora secundiflora 2.10 0.80 

Leucophyllum spp. 0.38 0.19 

Calliandra californica 0.47 0.19 

Malephora spp. 0.25 0.18 

Rosemarinus officinalis 0.91 0.43 

Dalea greggii 0.18 0.12 

 
 

 
Table 9. Annual water allocation for the Tucson area. 

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
%  4 5 7 8 11 13 13 12 10 8 5 4 
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Table 10. Composite soil samples for tree species at the beginning and end of the experiment 
Sample pH Ca 

PPM 

Mg 

PPM 

Na 

PPM 

K 

PPM 

EC 

dS/m 

NO3-N 

PPM 

P Bicarb

Sol PPM

 

ESP% 

Free  

Lime 

Ma 4-98 7.8 6800 270 350 130 4.8 11.0 14.0 4.0 High 

Ma 12-00 7.8 7000 240 370 120 5.4 3.9 16.0 4.1 High 

Mb 4-98 7.8 6900 270 320 240 4.6 39.0 24.0 3.6 High 

Mb 12-00 7.9 6900 230 270 120 3.0 2.2 10.0 3.1 High 

Mc 4-98 7.9 6600 270 180 210 2.6 26.0 27.0 2.1 High 

Mc 12-00 8.1 6500 250 170 130 1.8 3.3 7.5 2.1 High 

Pva 4-98 7.8 6400 260 250 150 3.8 7.6 37.0 3.0 High 

Pva 12-00 7.8 6900 280 350 140 4.0 2.5 9.9 3.9 High 

Pvb 4-98 7.9 6500 250 220 160 2.8 5.7 34.0 2.7 High 

Pvb 12-00 7.9 6600 230 210 120 3.0 2.7 6.7 2.5 High 

Pvc 4-98 8.1 6300 240 95 150 1.2 7.2 31.0 1.2 High 

Pvc 12-00 8.2 6600 240 93 110 0.8 1.6 9.6 1.1 High 

Aa 4-98 7.9 6500 260 380 140 4.6 21.0 35.0 4.5 High 

Aa 12-00 7.8 6900 240 420 130 6.2 1.0 13.0 4.7 High 

Ab 4-98 8.0 6400 260 260 150 2.6 3.5 43.0 3.2 High 

Ab 12-00 8.1 6600 220 170 110 2.0 1.5 11.0 2.1 High 

Ac 4-98 8.0 6600 260 150 140 1.8 23.0 36.0 1.8 High 

Ac 12-00 8.2 6700 240 150 140 1.4 0.6 9.6 1.8 High 

M= Prosopis, Pv=Cercidium, A=Acacia, a=blowdown, b=1:1 blend, c=well, 4-98 = April, 1998, 
12-00 = December 2000 
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Table 11. Leaching requirement for all plants under three water treatments across reps 
(composite soil samples across depths and blocks) N=5 are 5 sampling dates.  

Plant Treatment N Min Max Mean SEM 
Prosopis Blowdown 5 0.44 0.52 0.49 0.014 
 1:1 blend 5 0.33 0.42 0.38 0.020 
 Well 5 0.14 0.26 0.18 0.021 
Cercidium Blowdown 5 0.36 0.66 0.51 0.062 
 1:1 blend 5 0.24 0.58 0.42 0.058 
 Well 5 0.22 0.34 0.28 0.022 
Acacia Blowdown 5 0.31 0.45 0.38 0.029 
 1:1 blend 5 0.25 0.52 0.40 0.043 
 Well 5 0.12 0.22 0.17 0.018 
Sophora Blowdown 5 0.41 0.76 0.66 0.085 
 1:1 blend 5 0.42 0.66 0.53 0.039 
 Well 5 0.16 0.30 0.23 0.025 
Leucophyllum Blowdown 5 0.37 0.90 0.56 0.093 
 1:1 blend 5 0.36 0.48 0.42 0.021 
 Well 5 0.21 0.33 0.26 0.020 
Calliandra Blowdown 5 0.41 0.54 0.48 0.024 
 1:1 blend 5 0.27 0.56 0.39 0.050 
 Well 5 0.18 0.34 0.26 0.029 
Malephora Blowdown 5 0.28 0.43 0.35 0.026 
 1:1 blend 5 0.29 0.46 0.36 0.072 
 Well 5 0.11 0.24 0.19 0.023 
Rosemarinus Blowdown 5 0.56 0.78 0.64 0.049 
 1:1 blend 5 0.46 0.68 0.53 0.040 
 Well 5 0.2 0.31 0.25 0.020 
Dalea Blowdown 5 0.40 0.68 0.58 0.051 
 1:1 blend 5 0.34 0.45 0.42 0.020 
 Well 5 0.15 0.2 0.17 0.018 
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Abstract 

Species richness and density of native plants established under dry-seeding and 

hydroseeding techniques varied in response to soil surface treatments. Hydroseeding a 

native seed mix onto soil that was ripped and imprinted was the only treatment with a 

high density of plants at the end of the second year. This treatment also contained the 

greatest number of species.  Results from the two forms of irrigation used showed a drip 

system helped establish native transplants but the additional water also allowed Salsola 

kali and Brassica nigra, two weedy annuals, to proliferate.  Likewise, irrigation 

stimulated the growth and establishment of weedy annuals in areas seeded with a custom 

mix of native species and their dominance appears to have suppressed germination and 

establishment of native species. There was a distinctly different germination response to 

precipitation between native and ruderal species. The largest flush of native cohorts were 

seen when > 13mm of rain fell in the winter during a 24 hour period and > 24mm of rain 

fell in the summer months within a 24 hour period; almost no germination occurred 

outside these precipitation values.  In contrast, the ruderals germinated on cumulative 

monthly totals ranging from 9.5mm to 15mm with daily rainfall amounts < 6mm. 

Key words: native species, species richness, density, seeding methods, soil treatments 
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Introduction  
 

The Sonoran Desert in the southwest United States has a long history of irrigated 

agriculture in its alluvial basins (Sheridan, 1995).  In arid and semi-arid areas secondary 

salinization of these basins, resulting from an accumulation of salts in the upper soil 

horizons, can affect future agricultural productivity and ecosystem function (Thomas & 

Middleton, 1993; Szabolcs, 1986). Advances in irrigation technology and management 

strategies have controlled salinity in many areas (Ayers & Westcot, 1989; Hanson et al., 

1993; Feng et al., 2003), but abandoned saline agricultural fields persist and are 

commonly found within a landscape matrix of natural desert and expanding metropolitan 

areas.  The exposed soil surfaces of these fields tend to seal, preventing water infiltration 

which leads to increased run-off and accelerated erosion (Walker, 2002). Because rainfall 

is sparse and highly variable this land can also remain largely barren.  Converting the 

desert to farmland disconnects the farmland from the surrounding landscape by altering 

surface and subsurface hydrological flow patterns, removing the contours of the land and 

fragmenting native flora and fauna populations (DeFries et al., 2004; Dobson et al., 

1997).  In addition, degradation of physical and chemical soil properties preclude natural 

recolonization by native plants (Whisenant, 1999) and residual levels of nutrients from 

agricultural practices tend to decrease native species richness while favoring invasive 

species (Brooks, 2003; Grime, 2001; McIntyre & Lavorel, 1994).  The challenge of 

restoring abandoned farmland involves the ability to accelerate recovery within a site-

specific set of climatic, abiotic and biotic parameters (SER, 2002).   
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The level of intervention necessary to rehabilitate hydrologic and soil function 

varies with the degree of degradation; however, establishment of a structured biodiverse 

vegetation cover is a common goal to all restoration sites. Because desert sites are 

notoriously difficult and slow to revegetate (Glenn et al., 2001; Roundy et al., 2001; 

Allen, 1995; Jackson et al., 1991) no generalized guidelines have been developed to 

accelerate plant establishment (Clewell & Rieger 1997). What appears to be important 

however is to clearly delineate habitat structure and complexity for the site and then 

select plant functional types that will achieve this complexity (Walker & del Moral, 2003; 

Lavorel & Garnier, 2002; Walker, 2002).  Some evidence exists that the choice of 

revegetation technique and species selection will determine the trajectory of plant 

succession (Newman & Redente 2001; Montalvo et al., 2002; Querejeta et al., 2000; Van 

der Putten et al., 2000), albeit constrained by initial conditions (Walker & del Moral 

2003), and later by soil-vegetation feedback effects (Wali, 1999; Schlesinger & Pilmanis, 

1998; Van Breemen & Finzi, 1998) and species interactions (Schenk et al., 2003; Smith 

et al., 1997). 

In the desert, drought and variable pulses of winter and summer rain determine 

germination and plant establishment rates (Burgess, 1995; Bowers et al., 2004) and in the 

Patagonia steppe region, precipitation as low as 5mm has been shown to be significant in 

maintaining ecosystem processes (Sala & Lauenroth, 1982). Water-use strategies differ 

among desert plants and are manifested in their life histories, large-root:shoot ratios 

(Schwinning & Ehleringer, 2001), resource partitioning (Sala et al. 1989) and metabolic 

pathways. For instance, desert perennial C4 grasses (McClaran, 1995) and CAM 
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herbaceous annuals (Lin et al., 1996) generally extract water from the surface soils (upper 

15 cm) and achieve their peak biomass following summer monsoonal rains while shrubs 

extract water from subsurface soil layers (Dodd et al., 1998). These differences in water 

acquisition strategies coupled with potential soil moisture variations across a 

heterogeneous landscape will affect plant establishment and ultimately spatial 

distribution (McAuliffe, 1995).   

  Initiating water infiltration and percolation on degraded soils is a major challenge 

to restoration and revegetation efforts in deserts (Whisenant, 1999) because soil structure, 

surface roughness, crusted surfaces (Bohl & Roth, 1993), and lack of organic material 

and vegetation (Tisdale & Oades, 1982) contribute to a series of feedbacks that promote 

run-off and erosion across the landscape (Davenport et al., 1998; Whisenant, 1995). Since 

water availability is the key component for germination and plant establishment, methods 

to increase infiltration and retain water within the soil profile are high priorities 

(Montalvo et al., 2002; Sanders, 1990). Working to establish this base vegetation cover 

involves reducing resource losses, providing a conducive seedbed for germination and 

plant growth and finally, selecting suitable native seed or plants to achieve a structurally 

diverse habitat. 

In general, restoration projects depend upon rapid interventions and short-term 

results to satisfy socioeconomic (Swart et al., 2001) and political (Light & Higgs, 1996) 

objectives, while in reality, the development of ecosystem processes and habitat structure 

can take decades or longer (Van Diggelen et al., 2001; Michener, 1997; Hobbs & Norton, 

1996; Cairns & Heckman, 1996). For example, cultivated soils may need 30-50 years to 
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reach the typical soil properties found in grassland soils (Tisdale & Oades, 1982). This 

dilemma directed a recent 432 hectare (ha) restoration project in Arizona in which an 80 

ha test area was used to evaluate various restoration and revegetation strategies for an 

eight month period from which a protocol was formulated to establish vegetation on the 

remaining 352 ha. Monitoring on this test area continued for an additional 14 months. 

This paper focuses on numerous revegetation strategies including different 

seedbed preparations, seeding methods and irrigation systems to promote seed 

germination and plant establishment from a) introduced native seed mix, b) current soil 

seedbank and c) cultivated native transplants.  A monitoring program was established to 

track temporal vegetation trends, species richness (number of species), plant density 

(plants m-2) and survival, however we were also able to detect seasonal phenological 

patterns among shrubs, grasses and ruderals. Canopy cover was measured for 

transplanted seedlings. Permanent transect lines were chosen because they reduce 

sampling variation, and temporal change in species composition is easily documented 

(Walker & del Moral, 2003).   

 

Site Characteristics  

The project site lies approximately 75km west of Phoenix, Arizona in the 

southern portion of the Hassayumpa River sub-basin. This sub-basin is a north-south 

trending trough of alluvial and aeolian (wind deposited) aggregations forming a mosaic 

of weakly consolidated sand, silt and clay deposits underlain and bounded by basaltic and 

granitic bedrock.  A significant discontinuous clay lens, ranging in thickness from 24-41 
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meters (Fugro, 1980), transects the valley at varying depths from the surface.  The soils 

are predominantly saline-alkali Gilman loam with scattered patches of saline-alkali 

Laveen loam and Rillito sandy loam (USDA, 1977). An assessment of the project site 

(Gerhart &Yoklic, In preparation) characterized the soil in the 80 ha test area as generally 

loam with a sandy loam layer at 1 meter. The soil has an average pH = 8.5, EC (electrical 

conductivity)= 6.8 dS m-1 and moisture to a depth of 2 meters = 4.8% (mass), although 

the top 33 cm of the soil has a 3.8% moisture level.  Surface soil moisture at 10cm is 

<3% and soil temperatures average 330C at 10 cm in the summer months from May to 

September, and 170C at 10 cm in the winter from October to April (AZMET, 1998). At 

50 cm the soil temperature is ~ 1.250C cooler in the summer and ~ 1.750C warmer in the 

winter than the surface temperatures. During the initial site assessment, neutron 

hydroprobe access tubes were installed to monitor temporal soil moisture to a depth of 5 

meters. Soil moisture was unchanged over a 28-month period except for minor 

fluctuations in the upper few centimeters of the soil following a rain > 1.3cm within a 24-

hour period.  

 

Climate 

The climatic conditions are characterized by very hot summers, mild winters and 

a large interannual variability in rainfall, however, the precipitation is distributed in a 

bimodal pattern between a summer monsoon and a winter rainy season with an annual 

average rainfall of 189mm (range 93-263mm). Figure 1 shows the monthly distribution 

of precipitation and Figure 2 shows the annual variability in rainfall in the Hassayampa 
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sub-basin from 1991-2002. Average daily maximum temperatures range from 190C in 

winter to 410C in summer and average daily minimum temperatures range from 10C in 

winter to 230C in summer.  Extremes of -100C in January and 480C in July and August 

have been recorded. The frost-free season generally ranges from 250-300 days. Monthly 

rainfall for the study period is an average of the rainfall from the AZMET (1998) 

Buckeye and Harquahala weather stations since the project site lies between these 2 

stations.  

 

Regional Vegetation 

The natural vegetation is classified as the Lower Colorado River subdivision of 

the Sonoran Desertscrub formation (Brown, 1994) characterized by three plant 

associations: the Creosote-White Bursage Series, the Saltbush Series and the Mixed 

Scrub Series. The spatial distribution of vegetation across the landscape is inherently 

patchy and is closely related to topography, soil properties and the presence of argillic 

(clay) or calcic (calcium carbonate) horizons in the soil profile (McAuliffe, 1995), which 

in turn determines plant-water availability. In general, the Creosote-White Bursage Series 

(Larrea tridentata, Ambrosia dumosa) and the Saltbush Series (Atriplex polycarpa, A. 

canescens) are co-dominant on the alluvial flats but their spatial distribution mirror the 

mosaic of soil types across the basin. Creosote–Bursage are found on the coarser sandy 

loam soils while the Saltbush grows in the finer textured soils with higher clay content.  

The Mixed Scrub Series is limited to the ephemeral washes and rills that transect the 

alluvial plane. Along these drainage channels small trees and shrubs are found that are 
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not common in the interfluves with the predominant species being blue palo verde 

(Cercidium floridum), ironwood (Olneya tesota), velvet mesquite (Prosopis velutina), 

catclaw acacia (Acacia gregii), thornbush (Lycium spp.), desert broom (Baccharis 

sarothroides) and quailbush (Atriplex lentiformis). Various annual grasses and forbs also 

emerge on a seasonal basis across the entire valley and are critical food sources for 

insects, reptiles, small mammals and birds. Density of native perennial species measured 

on an adjacent undisturbed area is approximately 1 plant/9m2 (Gerhart and Yoklic, In 

preparation). This density was the target for plant establishment on the project site. 

 

Methods  

The 80 ha test area on the northern edge of the project site was divided into five 

sections: 1) 8.9 ha of native transplants irrigated with a temporary drip system, 2) 26.73 

ha broadcast with a native seed mix and then land imprinted, 3) 1.22 ha split plot design 

experiment incorporating various soil treatments and irrigation with broadcast native 

seeds, 4) 2.43 ha test plot where standard hydroseeding techniques were coupled with 

various combinations of soil treatments, and 5) 39.29 ha of flood and erosion control 

features. Figure 3 shows the “as-built” drawing of the test area. Since the first four test 

sections deal with re-establishing vegetation, they are the basis for this report.  Erosion 

and flood control are described elsewhere (Gerhart &Yoklic, In preparation).  

Various soil treatments were used to ameliorate water infiltration problems 

(Montalvo et al., 2002) and provide safe-sites for seeds (Winkel et al., 1991). Safe-sites 

are defined as those micro-sites that contain the necessary set of abiotic parameters for 



 77

germination to proceed, and where specific hazards, for example predation, are absent 

(Whisenant, 1999).  Seedbed preparation included disking, chiseling and deep ripping, 

and was combined with land imprinting on various parts of the test area.  Land imprinting 

uses heavy rollers to create V-shaped furrows (1.8 meters long and 10cm deep) in the soil 

surface. These imprints increase soil roughness, prevent overland sheet-flow and 

encourage seed germination and plant establishment by concentrating resources such as 

water, wind-blown organic material, seeds, soil and spores (Dixon & Carr, 2000).  

Holden & Miller (1993) found imprinting to be the most successful technique in 

establishing plants, from a broadcast mix, in the Mohave Desert because rainfall 

concentrated in the basins formed by the imprinter. A description of seedbed preparation 

and plot design is described below. One test area, a split plot experiment on 1.22 ha is 

reported elsewhere (Banerjee et al., In preparation), in this case sprinkler irrigation was 

combined with soil treatments to test germination and plant survival.  

Plant selection for the test plots was based on vegetation surveys conducted 

during the site assessment and a literature search of species likely to be found in the 

Hasayumpa Basin (Gerhart and Yoklic, In preparation). Table 1 shows the customized 

native seed mix used for these trials.   A combination of perennial shrubs, forbs and 

grasses were included in the seed mix for two reasons: 1) the short implementation time 

for this project did not allow for more than one seeding, 2) some later successional plants, 

such as L. tridentata and A. dumosa, may act as colonizers in desert soils (Allen, 1995) 

and could also determine the trajectory of succession (Van der Putten, 2000) in degraded 

soils. The native seed mix was combined with fluffy wheat bran at a rate of 11.25 kg 
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bran/6.87kg pure live seed (PLS) prior to seeding and applied at a rate of 16.97kg PLS 

hectare-1 on all trial plots.  

 

Native transplants under drip irrigation 

Planting native species and providing them with water addressed not only the 

immediate short-term biotic goal of rapidly establishing a vegetation cover but also 

provides an opportunity to assess the efficacy of this strategy. A 10cm PVC main pipe 

delivered well water (EC = 3.9 dS m-1) across the 8.9 ha.  5cm PVC sub-mains branched 

off the main at 120m intervals feeding 20-1.27cm poly drip-lines, laid in sets of 4 at 3m 

intervals with a 15 m spacing between sets.  In-line emitters were spaced 3m apart (one 

plant/9m2) along the poly drip-tape, to give the same density of plants as the surrounding 

undisturbed land. Previous studies have shown that 3.78 l/day/plant during the summer 

and 1.89 l/day/plant during the winter months provides sufficient water for plant 

establishment (Glenn et al., 2001), however given the high salinity of the soil (EC = 6.8 

dS m-1) and the well water (EC = 3.9 dS m-1) irrigation amounts were doubled to 

maintain a high soil moisture level around the root zone during the establishment period.  

  Plant selection was limited by high soil and water salinity.  Atriplex canescens, A. 

lentiformis and A. polycarpa were used due to their salt tolerance.  Seeds were planted in 

an 80% pumice, 20% mulch (by volume) medium in 5cm x 5 cm x 14cm paper bands, 

with 36 bands set in plastic, reusable trays. The trays were placed in a greenhouse with 

overhead sprinklers until the plants were ~ 12 cm tall. Fertilization occurred once a 

month with Peters® Professional 20-20-20 at a rate of 936mg/l, and 2 months prior to 
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transplanting were irrigated with a saline solution (EC = 2.0dS m-1) twice a month.  4800 

Atriplex were planted during the first half of February 2002. Four 120 meter permanent 

transect lines were randomly installed across the test area and the plants to the west of the 

line were measured on a monthly basis by recording the height and the width on the 

north-south axis and the east-west axis. The growth of transplants was expressed as 

canopy cover on an area basis.    

 

Native seed broadcast and land imprinted on 26.73 ha  

The goal on this area was to cause minimal disturbance while at the same time 

ensuring that the soil crust was broken, sheet-flow was arrested and rainfall infiltrated 

into the soil.  Native seeds were broadcast at a rate of 16.97kg PLS hectare-1 by a seed 

hopper and immediately imprinted. Eight permanent 30m transect lines were installed 

randomly across the area. Monthly monitoring counted all plants found within 0.5 m of 

each side of the transect line.  Species richness and density from the native seed mix, as 

well as annuals emerging from the soil seedbank were calculated. 

 

Hydroseeding Trials on 2.43 ha 

Revegetation strategies combined hydroseeding with different soil and mulch 

treatments in an effort to quantify germination and plant survival.  The area was divided 

into six equal (0.4 ha) plots and treated as shown in Table 2.  Plots 1 and 2 were 

previously disced to remove weeds and plots 5 and 6 were ripped to a depth of 15cm. 

Land imprinting was used on plots 1,2 and 5 with a minimum imprint depth of 10cm 
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prior to hydroseeding and mulching.  Three 20-meter transect lines were randomly placed 

on each plot and monthly monitoring identified and counted all plants within 0.5 meter of 

each side of the transect lines. The three transect lines per plot helped to eliminate within 

plot variation in plant counts. Because it was not possible to replicate treatments, each 

treatment combination is therefore a single experimental unit (Hurlbert, 2004) and month 

is used as the replicate (Gotelli & Ellison, 2004) Analysis of variance (ANOVA) with 

repeated measures were performed to look at treatment effect on seedling emergence and 

plant establishment. Species richness and density of the native seed mix and annuals 

emerging from the soil seedbank were also calculated. 

 

Results 

Species diversity and plant survival measured against soil treatments were the 

most important consideration for this site since the results would help form the protocol 

for establishing plants on the remaining 352 ha of the project site. Plants were combined 

into functional types: perennial shrubs, grasses and ruderals to simplify analysis.  

Variable rainfall during the monitoring period affected germination and plant 

establishment.  Figure 5 gives the monthly precipitation at the site from January 2002 to 

May 2004.   

 

Native transplants under drip irrigation 

Initial survival rate of Atriplex transplants along the transect lines was 98% from 

August 2002 to March 2003 and 85% from April 2003 to May 2004.  Figure 6 shows the 
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growth rate of the three Atriplex species with A. lentiformis showing the largest canopy 

cover increase followed by A. canescens and A. polycarpa.  Some A. lentiformis did die 

back during the monitoring period, probably the result of decreased soil water when the 

well pump broke for extended periods during the summer months, however they did 

recover when abundant water was available.  Overall A. canescens and A. polycarpa 

performed well under the drip irrigation regime and did not suffer adversely when 

irrigation water was not available on a continual basis. 

 
Native seed broadcast and land imprinted on 26.73 ha 

The density and species richness of perennials and annual grasses was variable 

between the eight permanent transect lines is shown in Table 3. Transect # 1, 2 and 8 

showed the highest diversity and density of perennials in March 2003, while transect # 1, 

2, 5 and 8 showed the highest summer grass density and transect # 2 the highest winter 

grass density.  By May 2004 only transect #1 had significant perennial plant survival but 

transects #1 and 8 had substantial stands of the annual summer grass Bouteloua 

aristidoides which had evidently reseeded.  There were no winter grasses found in the 

second year, probably the result of insufficient rainfall. The high density of perennials 

(1.9 plants/m2 ) on transect 1 in May 2004 can be attributed to large numbers of Larrea 

tridentata (19 plants) and  Ambrosia dumosa (33 plants), these numbers reflect 

observations outside the established transect lines where Larrea tridentata, Ambrosia 

dumosa, Encelia farinosa, Baileya multiradiata, Cassia covesii and Atriplex species 

where abundant in scattered patches.   
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The dominant warm season annual emerging from the soil seedbank was Salsola 

kali while Brassica nigra and Schismus barbatus were dominant in the winter months 

from December to February.  Other species appearing in large numbers on a seasonal 

basis and in response to precipitation events include: Cynodon dactylon, Trinthema 

portulacas, Portulaca oleracea, Malva neglecta, Solanum elaeagnifolium, Tribulus 

terrestris, and Allionia incarnata. Table 4 shows the density and species richness from 

August 2002 to May 2004. High plant counts during Spring 2004 are the result of a flush 

of Salsola seedlings emerging after a large April rain.  Although the monitoring period 

ended in May 2004, subsequent site visits showed that most of these seedlings died 

before maturing. 

 

Hydroseeding Trials on 2.42 ha 

Of all the test plots set up in this 80-ha trial area, this test had the largest 

differences between treatments and native seed germination and plant survival. In 

addition, it was possible to map (Table 5) the emergence of individual species, and in the 

case of ruderals, their seasonality. There was a significant difference between treatments 

and the emergence and survival of the introduced native seeds (F=7.258, p<0.001) but 

not for the annual plants emerging from the seedbank (F=0.532, p=0.752). Tables 6 and 7 

show the density and species richness of perennials, annual grasses and annuals 

seasonally between years.  Those plots that were imprinted had a higher number of 

perennials surviving at the end of the study period (Figure 6) and plot 5 which was ripped 

and imprinted has a 71% higher survival rate than plot 1 and a 63% higher survival rate 
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than plot 2, both of which were imprinted but had no other soil treatment.  Plot 6, which 

was ripped but not imprinted, had an 84% lower survival rate that plot 5.  The summer 

grasses, Bouteloua aristidoides and Aristida purpurea reemerged in year 2 with B. 

aristidoides showing up in higher numbers than A. purpurea. Between treatments the 

higher number of grasses were found in those trials where soil treatments were applied. 

There was a difference in the numbers of species emerging from the seedbank 

between plots, those receiving either ripping, imprinting or both had a higher species 

richness and density. The land adjacent to this test area had a diverse mature stand of 

native perennials, seasonal grasses and forbs, which provided a seed source.  For the first 

year, the two dominant invasive plants (S. kali and B. nigra) were found to be fairly 

equally distributed across treatments (S. kali =2.09 plants m-2, B. nigra=3.37 plants m-2) 

but by the second year B. nigra showed a two-fold increase (8.21 plants m-2) in the 

imprinted plots whereas the remaining plots had 3.72 plants m-2.  Likewise, S. kali had a 

3-fold higher density in the imprinted plots (60.93 plants m-2) over the plots without 

imprinting (21.27 plants m-2). However, the rainfall patterns in the second year produced 

two flushes of B. nigra, one in December 2003 and the other in April 2004.  Data 

collected in January and May 2004 showed no plant survival after one month indicating a 

possible reduction in the number of seeds remaining in the seedbank.  S. kali on the other 

hand did have high initial survival through June but observations during a site visit in 

July indicated most of these seedlings had died.  

 

 



 84

Discussion 

Species richness and density were the two parameters used to assess revegetation 

strategies in the dry-seeded and hydroseeded trials while canopy cover measurements 

tracked the growth of native transplants under a drip irrigation scheme. Species richness 

and density varied in response to method of seed application and soil treatment however 

the abundance of winter and summer weedy annuals probably affected potential 

germination of native perennials in some treatment plots.   

Transplanting native seedlings with supplemental water for establishment 

provided an immediate vegetation cover, and high growth rates during the monitoring 

period demonstrated this technique is useful for restoration projects with access to water 

for irrigation.  Plant selection for this test area was limited to species that were expected 

to perform well under the existing site conditions, but further testing of other native 

species should be conducted to determine if they could be established under saline soil 

and water conditions.  Salts move with the flow of water and under drip irrigation they 

tend to concentrate at the peripheral edge of the wetting zone (Hanson et al., 1993). As 

the soil dries between irrigations, or after irrigation is terminated, the salts become more 

concentrated in the root zone, soil water potential decreases and drought stress increases 

(Marschner, 2002). In areas of extremely low rainfall where insufficient water precludes 

the leaching of these salts to deeper layers of the soil profile, high salt concentrations in 

the root zone could stunt or kill salt-intolerant trees and shrubs (Smith et al., 1997). High 

evaporation rates also concentrate salts near the surface (Buol et al., 1997; Thomas & 

Middleton, 1993; Tan, 1998) where they could inhibit the germination of native grasses 
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and forbs. Knowledge of dynamic interactions between native seedbanks and 

environmental factors is limited and further research in this area is needed  (Roundy & 

Biedenbender, 1995). Irrigation methods modeled after agronomic practices must be 

carefully evaluated for their applicability to restoration projects particularly if water 

quality is poor. While crops are generally annuals with a limited root mass, the major 

plant species used for restoration are perennials with a temporally expanding root 

biomass that may be affected by high salt concentrations, ion toxicity and nutrient 

inbalances. 

Species richness and density of native plants established under dry-seeding and 

hydroseeding techniques varied across the test area in response to soil treatments. For this 

site hydroseeding coupled with ripping and imprinting yielded the highest overall 

biodiversity and density during the monitoring period.  The results suggest that the 

highest degree of soil treatment (ripping and imprinting) provides the necessary set of 

conditions to not only promote seed germination but also ensure seedling survival under 

drought stress.  Evidently ripping broke up the crust sufficiently to allow water to 

infiltrate and percolate to the root zone while imprinting concentrated available water, 

further encouraging infiltration.  In saline soils these treatments could have the added 

benefit of leaching surface salts to deeper layers of the soil profile.  

Under the dry-seeded trials soil treatment did not affect native seed germination 

(Banerjee et al., in preparation) but there was a significantly higher rate of germination in 

the non-irrigated areas particularly for the native grasses. It was found that irrigation 

stimulated the growth of weedy annuals and the dominance of S. kali and B.nigra could 
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have suppressed germination of other species by diminishing light intensity at the soil 

surface and producing an allelopathic litter layer (Lohdi, 1979). Irrigation did not 

necessarily enhance germination but it did provide the necessary soil moisture to ensure 

plants matured and set seed. These seeds were dispersed to non-irrigated areas where they 

germinated in large numbers in year 2.  

 The target density for perennial shrubs at this site was 1 plant 9m-2 (0.11plant m-2) 

based on local shrub densities in adjacent natural areas.  This target was met in the first 

eight months across all trial plots when some soil treatment was applied, but experimental 

plots that were just seeded did not meet this target.  By the end of the monitoring period 

the target was met regardless of treatment, however, the range in densities increased with 

intensity of treatment.  Without knowing the specific dynamics of abiotic and biotic 

interactions and feedbacks it is difficult to predict the future plant assembly, however 

high initial densities are necessary since survival rates generally range from 5-15% 

(Whisenant, 1999).  

Although it is often reported invasive species dominate disturbed areas by out-

competing native perennials and grasses for essential resources, such as plant-available 

water and nutrients (Brooks, 2003; Meiners et al., 2001: Hobbs & Humphries, 1994), we 

found there was also a different germination response to precipitation between the native 

and invasive species that could ultimately determine vegetation composition. For native 

species, the largest flush of cohorts were seen when > 13mm of rain fell in the winter 

within a 24 hour period and > 25mm of rain fell in the summer months within a 24 hour 

period; almost no germination occurred outside these precipitation values. These findings 
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mirrors a study conducted at Tumamoc Hill in southern Arizona (Bowers, et al., 2004) 

where 17.5mm was the minimum amount of rainfall needed to germinate some native 

seeds.  In contrast, the weedy annuals germinated on cumulative monthly totals ranging 

from 9.5mm to 15 mm with daily rainfall amounts < 6mm.  

The intensity and duration of rainfall following germination affect seedling 

survival and plant establishment with increasing levels of soil treatments enhancing 

plant-available water. Competition for limited resources between species becomes a 

dominant factor following establishment, however it has been reported that a shift from 

invasive to native perennial species can occur by the fourth or fifth year (McLendon & 

Redente. 1991) as residual agricultural nutrient supplies are depleted and native plants 

increase in size.  Other factors naturally affect the survival and spatial patterns of native 

perennials, grasses, and forbs across landscapes through time and can include seed 

predation, intra- and inter-specific competition, and life history strategies. 

Restoring abandoned farmland in arid environments within a limited time frame 

does not allow for an adaptive management plan to be implemented whereby project site 

objectives can be altered to accommodate shifting vegetation establishment patterns.  

Ideally, an integrated weed management program would suppress invasive species prior 

to subsequent native plant establishment, and planting keystone trees and shrubs with 

supplemental irrigation could provide a rapid structural element to the site.  Finally, a 

diverse native seed mix of shrubs, forbs and grasses would introduce the essential 

elements necessary for food-webs and nutrient cycling.   



 88

The short monitoring time for restoration projects in general, and this one in 

particular, does not advance our knowledge of seedbank dynamics, native plant 

establishment, and competitive interactions between native species and invasive annuals 

for limited resources; instead it is a snapshot of current conditions. Nonetheless, these 

results did provide some important vegetation trends and guidance for determining 

revegetating protocols for the rest of this project site. The drip irrigation system was 

extended to cover 40 additional hectares of transplanted tree and shrub seedlings, and the 

native seed mix was altered to accommodate variable soil moisture patterns across the 

site.   
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Table1. Native seed mix. 
Species Common Name % PLS Seeds/lb lbs/acre 
Plantago insularis Desert Indian Wheat 22.3 325,000 5 
Larrea tridentata Creosote 22.2 80,000 3 
Ambrosia dumosa White Bursage 13.7 85,000 2 
Atriplex canescens Four-wing saltbush 7.5 52,000 1 
Bouteloua aristidoides Needle grama 4.5 414,000 1 
Acacia greggii Catclaw acacia 4.3 2,500 1 
Atriplex polycarpa Desert saltbush 2.9 800,000 0.25 
Cassia corvesii Desert senna 2.6 110,000 0.50 
Aristida purpurea Purple 3-awn 2.4 250,000 0.50 
Encilia farinosa Brittlebush 1.9 175,000 0.25 
Haplopapus laricifolius Turpentinebush 1.8 850,000 0.25 
Atriplex lentiformis Quailbush 1.4 500,000 0.25 
Baileya multiradiata Desert marigold 1.4 1,060,000 0.25 
  Inert matter 11.1     
Totals   100  15.25 
 
 
 
 
 
 
Table 2.  Soil treatments and amendments applied to each plot. 
 Plot 1 Plot 2 

 
Plot 3 Plot 4 

 

Plot 5 Plot 6 

Plot treatments Soil disced 
Imprint, 
Hydroseed 
Straw- 
mulch 
Tack straw

Soil disced 
Imprint 
Hydroseed 
Hydromulch

Hydroseed 
Straw- 
mulch 
Tack straw

Hydroseed 
Hydromulch 
 

Dozer rip 
Imprint 
Hydroseed 
Straw- 
mulch 
Tack straw 

Dozer rip 
Hydroseed 
Straw- 
mulch 
Tack straw

Amendments       
Fertilizer (16-20-0) 90 Kg 90 Kg 90 Kg 90 Kg 90 Kg 90 Kg 
Wood fiber 315Kg 900 Kg 315Kg 900 Kg 315Kg 315Kg 
Tackifier 90 Kg 45Kg 90 Kg 45Kg 90 Kg 90 Kg 
Straw 1.8mt 0 1.8mt 0 1.8mt 1.8mt 
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Table 3. Density and species richness of introduced native seeds in 26.73 ha test plot. 
Perennials Grasses 

March 2003 May 2004 Summer 2002 Summer2003 Winter 2002-3 Winter 2003-4
 

# 
Spp  

Plants 
/m2 

# 
Spp 

Plants 
/m2 

# 
Spp  

Plants 
/m2 

# 
Spp 

Plants 
/m2 

# 
Spp  

Plants 
/ m2 

# 
Spp  

Plants 
/m2 

1 6 1.53 5 1.9 2 3.63 1 9.56 1 0.45 0 0 

2 4 1.03 0 0 2 6.66 1 0.18 1 5.14 0 0 

3 1 0.1 0 0 1 0.4 1 0.03 1 0.62 0 0 

4 1 0.03 0 0 2 3.18 1 0.71 1 0.4 0 0 

5 0 0 1 0.1 1 0.03 0 0 1 0.8 0 0 

6 1 1 0 0 2 0.27 0 0 1 0.62 0 0 

7 0 0 0 0 0 0 0 0 1 0.16 0 0 

8 5 0.66 0 0 2 2.98 1 10.41 1 0.26 0 0 

Means 2.25 0.54 0.75 0.25 1.5 2.14 0.63 2.61 1 1.05 0 0 

Averages # species and plants/m2 were taken across each transect line for the time frame 
indicated above.   # Spp = species richness.  # plants/m2 = density 
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Table 4. Density and species richness of seasonal seedbank annuals on 26.73 ha test plot. 
 Summer 2002 Fall 2002 Winter 2002-3 Spring 2003 
 # Spp   Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 
1 2 0.16 7 7.43 8 37.72 7 8.52 
2 3 0.26 4 36.83 5 36.57 7 19.14 
3 2 1.2 5 48.83 7 15.11 9 17.84 
4 1 0.36 4 24.1 4 21.1 2 3.53 
5 0 0 3 0.75 3 2.4 1 0.4 
6 1 0.13 5 2.13 5 4.73 3 4.83 
7 0 0 1 0.65 3 5.98 4 3.74 
8 4 2.23 8 6.03 8 4.8 9 3.25 
Mean 1.62 0.54 4.62 15.84 5.37 16.05 5.25 7.65 
 Summer 2003 Fall 2003 Winter 2003-4 Spring 2004 
 # Spp  Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 
1 7 2.2 6 1.55 3 6.35 9 18.55 
2 4 2.9 5 2.2 2 0.25 5 69.14 
3 4 4.82 3 2.75 4 0.75 5 60.07 
4 4 2.41 4 1.31 0 0 4 23.75 
5 x x x x x x x x 
6 x x x x x x x x 
7 2 0.33 4 0.31 3 0.23 2 13.96 
8 5 2.77 6 4.95 x  x x x 
Mean 4.33 2.57 5 2.17 2.4 1.51 5 37.09 
Averages # species and plants/m2 were taken across each transect line for the time frame 
indicated above.  Summer = June-August, Fall = September-October, Winter = 
November-February, Spring = March-May. X=Transect destroyed during construction. 
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Table 5. Germination month for individual species.  (P = perennial, A = annual) 
Species P/A J F M A M J J A S O N D 

Introduced seeds              

Acacia greggii P            x 
Ambrosia dumosa P x x x x x     x x x 
Aristida purpurea A        x x    
Atriplex canescens P x x         x x 
Atriplex lentiformis P   x          
Atriplex polycarpa P         x x   
Baileya multiradiata P x x x    x  x x x x 
Bouteloua aristidoides A        x x    
Cassia covesii P   x     x x    
Encelia farinosa P x x x     x  x x x 
Larrea tridentata P x x x  x  x   x x x 
Plantago insularis A x x        x x x 
Existing seedbank              

Allionia incarnata A        x     
Alyssum alyssoides A   x          
Amaranthus blitoides A x x        x x x 
Amaranthus retroflexus A x x x       x x x 
Amsinckia menziessii A   x          
Atriplex elegans A    x     x    
Baccharis sarathoides P  x           
Brassica nigra A x x        x x x 
Chamaesyce maculata A         x x   
Cirsium spp. A   x          
Cryptantha augustifolia A   x          
Eleusine indica A   x          
Erodium cicutarium A x x x       x x x 
Euphorbia polycarpa A         x    
Euphorbia albomarginata A         x x   
Lepidium fremontii A   x          
Malva neglecta A x x x x        x 
Malva parviflora A   x          
Medicago luprina A  x x          
Pectis papposa  A        x x    
Portulaca oleracea A        x     
Prosopsis velutina P   x          
Salsola iberica (kali) A   x x x        
Schismus barbatus A x x x        x x 
Solanum elaeagnifolium P   x x         
Sphaeralcea ambigua P  x x x         
Sphaeralcea coulteri A        x x    
Tidestromia lanuginosa  A        x     
Trianthema portulacas A        x     
Tribulus terrestris A       x      
Zinnia accerosa A   x          
Zinnia grandiflora A   x          
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Table 6. Density and species richness of introduced native seeds in 2.43 ha test plot. 

Perennials Grasses 
March 2003 May 2004 Summer 2002 Summer2003 Winter 2002-3 Winter 2003-4

 

# 
Spp  

Plants 
/m2 

# 
Spp 

Plants 
/m2 

# 
Spp  

Plants 
/m2 

# 
Spp 

Plants 
/m2 

# 
Spp  

Plants 
/ m2 

# 
Spp  

Plants 
/m2 

1 7 2.28 4 0.48 2 0.31 2 1.97 1 1.35 0 0 
2 7 2.48 5 0.62 2 1.56 1 13.12 1 1.32 1 0.03 
3 4 0.23 1 0.12 2 0.24 2 0.39 1 0.23 0 0 
4 4 0.08 3 0.13 2 0.24 2 0.14 1 0.19 0 0 
5 7 5.31 6 1.66 2 0.22 2 0.62 1 3.31 0 0 
6 6 1.9 4 0.27 2 0.27 2 0.64 1 3.16 1 0.06 
Averages # species and plants/m2 were taken across each transect line for the time frame 
indicated above.   # Spp = species richness.  # plants/m2 = density 
 
 
 
 
 
 
Table 7. Density and species richness of seasonal seedbank annuals on 2.43 test plot. 
 Summer 2002 Fall 2002 Winter 2002-3 Spring 2003 
 # Spp   Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 
1 1 0.3 5 1.07 9 3.76 16 6.98 
2 2 0.28 8 1.18 7 5.2 13 4.52 
3 2 0.3 4 0.88 4 5.58 7 5.38 
4 2 0.96 3 0.77 5 3.25 8 1.93 
5 1 0.03 8 1.72 10 4.68 15 5.07 
6 0 0 8 1.64 9 4.38 10 6.88 
 Summer 2003 Fall 2003 Winter 2003-4 Spring 2004 
 # Spp  Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 # Spp  Plants/m2 
1 7 3.98 7 2.52 4 2.15 6 69.22 
2 6 2.43 7 2.7 5 0.71 5 70.51 
3 5 3.36 4 2.39 2 1.3 3 20.66 
4 5 3.37 3 3.56 3 5.19 4 20.95 
5 9 7.16 8 3.52 4 0.82 3 74.55 
6 8 6.3 8 2.08 4 0.2 3 18.99 
Averages # species and plants/m2 were taken across each transect line for the time frame 
indicated above.  Summer = June-August, Fall = September-October, Winter = 
November-February, Spring = March-May.  
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Figure 1. Monthly variation in rainfall from 1991-2002
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Figure 2.  Annual Rainfall in the Hassayampa Sub-basin. 
Mean = 189mm. Range 93-263mm.
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Figure 3. Eighty hectare “as-built” test area 
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Figure 4.  Precipitation during the vegetation monitoring period
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Figure 5. Average growth of transplanted Atriplex on drip irrigation.
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Figure 6. Perennial plant survival on 2.43 ha plots in May 2004
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ABSTRACT 

Restoring abandoned arid farmland can be challenging because topographic, 

geomorphic, and hydrologic features have been degraded and cannot support a diverse 

native plant community. Typical amelioration practices depend upon good quality water 

to restore the soil’s physiochemical properties, however the long-term availability of any 

water is rare. A mitigation banking project to return 432 hectares of farmland to an open-

space designation involved the collaboration of scientists, landscape architects and 

engineers to achieve five main goals: water management, erosion control, decreasing soil 

salinity, and increasing species diversity and vegetation cover.  Two strategies evolved in 

the planning process that work in tandem to achieve these goals: a water management 

systems that redirects storm water and run-off to discrete areas of the site for subsurface 

storage as plant-available water, and the introduction of a diverse mix of native plants.  

Field trials tested the strategies and also investigated different soil surface treatments, 

seeding methods and irrigation regimes against the germination and establishment of a 

customized native seed mix.  Results from vegetation data indicate a combination of soil 

ripping and imprinting leads to the highest germination and establishment rates and drip 

irrigation helped establish transplanted seedlings. The project was designed so the long-

term outcome does not depend on continues inputs and maintenance. 
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INTRODUCTION 

Industrial complexes have historically been located on the fringes of urban and 

suburban areas but with the unprecedented growth and development in southwestern 

regions of the United States, industry is being pushed to the exurban-rural interface. Land 

costs are generally lower and the socioeconomic and political agendas of expanding 

metropolitan areas are addressed. However, locating industry in these areas can also have 

the effect of mobilizing rural communities (Laurian, 2004) to demand mitigation as a 

means of counteracting potentially harmful environmental and visual impacts on the 

aesthetic and cultural values of local natural landscapes. In rural areas human impacts on 

regional watersheds and landscapes have a long history, particularly if the area has been 

under agricultural production. This is especially true in arid and semi-arid regions where 

irrigated agriculture can induce secondary salinization (Szabolcs, 1986; Williams 1999; 

Saysel & Barlas, 2001; Thomas & Middleton, 1993) in the upper parts of the soil profile 

and natural hydrological processes are disrupted (DeFries & Eshleman, 2004) when farm 

fields are leveled to increase agronomic efficiency and economies of scale. When 

industry is located in these rural areas the impacts on the region are compounded with the 

addition of large buildings and structures, improved roads and increased hardscapes 

(Lovich & Bainbridge, 1999).  Mitigation is increasingly seen as an opportunity for 

industry to coexist with rural communities by providing benefits to the local population. 

These benefits can include services, funding for schools and health clinics and improved 

infrastructure or restoration of blighted areas to open-space. 
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Open-space is defined as an area of land left to maintain itself in a natural state 

with its primary functions encompassing: a) provision for wildlife habitat and nesting 

areas, b) preservation of rural qualities of life, c) improvement of aesthetic benefits, and 

d) opportunities for environmental education. When open-space is designated under a 

mitigation agreement, it is generally not a pristine area that should be conserved, rather it 

is an area of degraded land that generally offers no useful economic purpose.  Restoring 

this land to open space and connecting it to the greater landscape matrix involves an 

interdisciplinary team of scientists, landscape architects and engineers who work closely 

with the community, industry and relevant government agencies (Pfadenhauer 2001; 

Natori et al., 2005) to develop a design and plan that has a consensus of all stakeholders 

(Higgs, 1997; Swart et al., 2001). 

The design and plan for restoring abandoned farmland to open space is guided by 

the principles established by the Society for Ecological Restoration and the professional 

standards employed by landscape architects and civil engineers.  Ecological restoration is 

“an intentional activity that initiates or accelerates the recovery of an ecosystem with 

respect to its health, integrity and sustainability” (SER, 2002). Restoration often tries to 

return ecosystems to a pre-disturbance condition, however, because ecosystems are 

dynamic and react to natural and anthropogenic perturbations in a non-linear fashion 

(Gunderson, 2000) existing abiotic and biotic conditions could preclude this from 

occurring (Cairns, 1989; Hobbs & Norton, 1996). Instead there can be a range of short 

and long-term outcomes following intervention (Hobbs & Harris, 2001), and as 

Pfadenhauer & Grootjan (1999) points out the focus should be placed on “desired 
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characteristics of the (eco)system in the future, rather than in relation to what these were 

in the past”.  The goals and objectives for restoring an area must therefore be carefully 

considered since different trajectories could potentially occur from current baseline 

conditions (Temperton & Hobbs, 2004; Walker & del Moral, 2003).  

The steps involved in planning and implementing a restoration project include a) 

ecological site assessment to determine baseline conditions, b) overall goals and 

objectives to guide design and implementation, c) a reference ecosystem or model from 

which interpolations can be drawn and against which progress can be measured, d) 

integration of the restoration site with the regional landscape to ensure sustainability, e) 

detailed implementation plans and adaptive management provisions, f) monitoring 

protocols to evaluate the project, and g) provisions for protection and maintenance of the 

restored site (SER, 2002). The interdisciplinary nature of ecological restoration allows a 

large community of professionals from science, engineering, planning, landscape 

architecture and other related fields to work together towards improving land-use 

decisions, improving habitat for wildlife, addressing human needs and nudging degraded 

lands back to ecological productivity.  

 

BACKGROUND AND METHODS 

The area targeted for restoration was a 435hectare (ha) parcel of abandoned 

farmland owned by an electric utility for mandated groundwater rights. This electric 

generating plant was one of three planned for the region to meet anticipated demand from 

the growing Phoenix, Arizona metropolitan area. The local community lobbied Maricopa 
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County Planning and Zoning to require environmental offsets, in the form of restoring 

abandoned farmland to open space, prior to issuing a zoning variance. This paper details 

the project through the implementation stage and attempts to evaluate the success of 

strategies for ecosystem sustainability in the future.  

The project occurred in three stages. The first stage was completed in four months 

and included a site assessment, a review of arid land restoration and revegetation 

literature, input from the electric utility’s engineers and management, and four public 

forums to address community concerns and obtain consensus on the physical design of 

the project.  The technical feasibilities of the physical design options were evaluated with 

respect to regulatory limitations, construction complexity, site preparation, revegetation 

strategies and unit cost, and a master plan was developed. The second stage consisted of 

constructing the basic design elements as a pilot project on 80 ha and assessing their 

performance for eight months.  The results of this study were used to validate the 

physical design for the larger site and also gave the opportunity to readjust some parts of 

the design to address site-specific problems.  The third stage incorporated the results from 

the pilot project to produce engineering development drawings for bidding and 

construction of the remaining 355 ha. Implementation was completed in the spring 2004 

and monitoring continued on the pilot project site until May 2004.  The limited time 

allocated to this project precludes the ability to conduct monitoring on a time frame tied 

to ecosystem development. However, permanent transect lines were installed so the site 

will be available for future assessment.  

 



 112

REGIONAL ASSESSMENT 

On a regional scale, the landscape is predominantly rural with a mosaic of 

farmland interspersed with natural desert, residential ranchettes and more recently 

industrial development.  The Palo Verde Nuclear Generating Station and its concomitant 

infrastructure is a dominant feature of the area and in the past few years out-growth from 

the Phoenix metropolitan area has increased development and population density.  

 

Geomorphology 

  The site (330 19’N, 1120 50’W, elevation 294 m) lies approximately 75 km west 

of Phoenix, Arizona in western Maricopa County. Regionally it lies in the southern 

portion of the Hassayampa Plain that is bordered by the Vulture and Wickenberg 

Mountains to the north, the White Tank Mountains to the east, the Buckeye Hills and 

Gila Bend Mountains to the south and the Belmont and Big Horn Mountains to the west. 

Scattered hills and hillocks generally lie on the periphery of the Plain but the Palo Verde 

Hills bisect the valley in the southern region. The surrounding mountains are 

predominantly granite and andesite while the hills are basaltic (Wilson et al., 1957).  

The Hassayampa Plain is a north-south trending trough of alluvial and Aeolian (wind 

deposited) aggregations forming a mosaic of weakly consolidated sand, silt and clay 

deposits underlain and bounded by bedrock (Stulik & Laney, 1976).  A significant, 

discontinuous clay lens, ranging in thickness from 24-40 meters (Fugro, 1980), transects 

the valley. The soils are predominantly a saline-alkali Gilman loam with a small plume of 

saline-alkali Laveen loam and a Rillito sandy loam occurring on the eastern flank. These 
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soils are deep, and well drained although they are affected by saline and alkali salts and 

they may contain visible nodules of calcium carbonate (CaCO3) and caliche below 0.6 

meters.  Slick spots, salt crusting and black algal crusts are found in uncultivated areas 

(USDA, 1977). 

 

Hydrology 

Hydrologic maps of the Hassayampa Sub-basin show there are three major 

alluvial layers in the valley directly effecting water movement across the basin.  The 

upper alluvium is an unsaturated zone, 9 – 18 m thick, consisting of silty and gravelly 

sands with discontinuous lenses of silty clay and clay. Accumulations of clay in this zone 

can retain water locally at or near the surface. The middle alluvium is between 69 –90 m 

thick and is predominantly clay and silty clay interbedded with discontinuous lenses of 

clayey silt, clayey sand and silty sand (Long, 1982). The Palo Verde Clay (24-40 m thick) 

described by Fugro (1980) lies within this layer and has a significant effect on the local 

hydrological cycle due to its impermeable character. Discontinuous perched aquifers 

exist with water quality reported as highly saline (specific conductance range 4.76-31.65 

dS-m). The deepest layer, the lower alluvium ranges from 30 – 300 m thick and is 

composed of unconsolidated silty sand, sand and gravelly sand plus moderately to well 

consolidated alluvial fan deposits. The regional aquifer is found within this layer and the 

quality of the water is reported to be good with specific conductance ranging from 0.2 –

5.0dS-m  (Long, 1982). Winter’s Wash to the west and Luke Wash to the east drain water 
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towards the Gila River.  Drainage patterns between these washes are discontinuous with 

water being deposited in depressions across the landscape. 

 

Climate 

Regional climatic conditions are characterized by very hot summers, mild winters 

and a large interannual variability in rainfall; typical of the arid Arizona-Sonoran low 

desert at this elevation.  Maximum summer temperatures average 410C and winter 

maximums average 190C, however extremes of  -10 0C in January and 48 0C in July and 

August have been recorded. Rainfall is bimodal with gentle winter rains and intense 

monsoon storms.  Figure 1 shows the precipitation in the Hassayampa sub-basin from 

1991-2004 with a mean annual rainfall of 189mm (range of 93-263 mm). The frost-free 

season is generally 250-300 days (AZMET, 1998). 

 

Natural Vegetation  

This area lies in the Lower Colorado River subdivision of the Sonoran 

Desertscrub Formation. Natural vegetation on undisturbed soils falls into three 

categories: the Creosotebush-White Bursage Series, the Saltbush Series, and the Mixed 

Shrub Series (Brown, 1994). The spatial distribution of vegetation across the landscape is 

closely related to topography, soil properties and the presence of argillic or calcic 

horizons in the soil profile, which in turn determine plant available water (McAuliffe, 

1999; Marks, 1950).  
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Locally, the Creosotebush-White Bursage Series and the Saltbush Series are co- 

dominant and mainly confined to the valley floors. In general the spatial distribution of 

these two series mirror the mosaic of different soil types across the alluvial plane.  

Whereas creosote (Larrea tridentata) and bursage (Ambrosia dumosa) prefers a sandy 

loam soil, saltbush (Atriplex spp.) is found on finer textured soils with a higher clay 

content. In addition, the natural soils in this area have a variable salinity with salt 

concentration roughly correlated to clay content. The Mixed Scrub Series is limited to the 

ephemeral washes and rills that transect the alluvial plane.  Along these drainage 

channels small trees and shrubs are found that are not common in the interfluves. The 

predominant species are blue palo verde (Cercidium floridum), ironwood (Olneya tesota), 

velvet mesquite (Prosopis velutina), catclaw acacia (Acacia gregii), burrobush 

(Hymenoclea Salsola), thornbush (Lycium spp.), desert broom (Baccharis sarothroides) 

and quailbush (Atriplex lentiformis). Various annual grasses and forbs also emerge on a 

seasonal basis (Brown, 1994; Karpiscak, 2001). Water is generally more plant available 

in washes allowing a higher density of plants than the surrounding area.  The density of 

perennial plants in the interfluves averaged ~ 1 plant 9m-2. 

 

Wildlife       

The most common vertebrates in the alluvial plain are small, nocturnal or 

burrowing mammals and reptiles adapted to high diurnal temperatures and low rainfall. 

The round-tailed ground squirrel (Spermophilus tereticaudus), desert pocket mouse 

(Perognathus penicillatus) and kangaroo rat (Dipodomys deserti or D. merriami) are the 
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common rodents in the area but kit fox (Vulpes macrotis), badger (Taxidea taxus), coyote 

(Canus latrans), coatimundi (Nasua narica), rabbits, jackrabbits, and undulates from the 

surrounding mountains are occasionally seen (Haughey, 2001). The avian populations 

have been described as poor (Brown, 1994) across the area, however the Hassayampa 

sub-basin lies just northwest of the Salt-Lower Gila Ecosystem, which is officially listed 

as an Important Bird Area (IBA) under the Arizona IBA Program (Audubon Society, 

2004) resulting in a larger variety of birds than the surrounding area. Gambel’s quail 

(Lophortyx gambelii), mourning dove (Zenaidura macroura), cactus wren 

(Campylorhynchus brunneicapillus), loggerhead shrike (Lanius indovicianus), black 

phoebe (Sayornis nigricans), western meadowlark (Sturnella neglecta), and sparrows 

(Zonotrichia spp) are the more common resident birds. Hawks, falcons and owls are also 

present but their numbers are determined by the seasonal abundance of prey. The redtail 

(Buteo jamaicensis) and harrier (Circus cyaneus) hawks are common while the American 

kestrel (Falco sparverius) is a seasonal migrant. The barn owl (Tyto alba) is common and 

the burrowing owl (Speotyto cunicularia) has recently been reintroduced to the area. 

 

PROJECT SITE ASSESSMENT   

Baseline data collected for the site assessment focused on the abiotic and biotic 

properties that could provide indicators for the restoration potential of this site.  Abiotic 

properties measured included the soil’s functional attributes such as texture, chemistry 

and moisture content, which concurrently provided hydrological information on surface 

and probable subsurface water movement. Biotic data focused on the spatial distribution 
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of plants across the site and identified the underlying factors that promoted the discrete 

survival of vegetation patches in a predominantly barren landscape. 

 

Soil Sampling 

The project site was divided into 4 zones (Figure 2) based on existing vegetation, 

topographic features and similarities in surface soil conditions.  Soil samples were 

collected in early January 2000 at 16 points across the site for the purpose of assessing 

physical properties of the soil profile to a depth of 4.5 m, and chemical properties to 1.8 

m. Textural properties of the soil were characterized in the field using standard methods.  

In analyzing the chemical properties, samples from the 16 sites were consolidated within 

each zone, but separated by depth to 1.8 m, and analyzed by a professional laboratory.  

Table 1 details the results of this analysis.  Surface soil samples were also collected and 

analyzed since these physiochemical properties would directly affect revegetation efforts.  

In addition, a 5 cm diameter PVC pipe was inserted into the holes left after the soil 

sampling in order to monitor temporal soil moisture change with depth using a neutron 

hydroprobe.  

The eastern part of the site is characterized by well drained, loam to sandy loam 

with increasing clay to a depth of 1.8 m.  Clay lenses run through this area to 3.6 min the 

southern part of zone B decreasing to 1.8-2.7 m in zone D.  Discontinuous gravel and 

cemented calcium carbonate (caliche) layers are also scattered across these zones, all 

three can act as a barrier to the downward movement of water, which effectively 

increased the percentage of moisture in the overlying soil. These barriers also impede the 
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leaching of salts and sodium into deeper layers of the soil profile resulting in high 

electrical conductivity (EC) and exchangeable sodium percentage (ESP) in these zones. 

Zones A and C in the western part of the site are also dominated by well drained, loam to 

sandy loam soil to a depth of 2.7-3.6 m, but in this area large tracts of caliche act as a 

barrier to the downward movement of water.  Because this barrier is deeper than in the 

eastern part of the site the amount of moisture in the soil profile is less.  Along the 

southern edge of zone C visible bands of surface salts occur and in areas with gully 

erosion, these surface salts are seen to be several centimeters thick. 

Despite the high sodium levels in the soil there is also a high level of calcium and 

the latter readily replaces sodium, which is then carried to deeper layers of the soil 

profile. This exchange of cations slowly repairs the physical structure of the soil by 

aggregating soil particles and increasing permeability thereby allowing more water to 

percolate through the profile.  

The top 15 cm of the soil show a different chemical composition than the rest of 

the profile.  The EC, ESP and sodium levels are low indicating that some salts and 

sodium have been leached or removed through surface sheet-flow after a rain.  There is 

also evidence of a small amount of humus interspersed with the sandy loam, probably 

remnants from agricultural practices. 

 

Soil moisture  

Data from the hydrorobe port sites during an initial assessment period, and 

confirmed with another 18 months of data, show that soil moisture remained constant 
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except for the upper 10 cm of the soil profile that fluctuated with rainfall. Figures 3 - 6 

show mean soil moisture with depth for each zone from January 2001-December 2002.  

 

Hydrology and Water Issues 

The weakly consolidated sand, silt and clay that make up the upper alluvium in 

this area can be 9-18 m thick and are unsaturated on a basin-wide scale. For the purposes 

of this study we look at the upper 4.5 m of the soil in order to characterize water 

parameters that will determine the success or failure of restoration efforts. Locally across 

the site the clay lenses and cemented CaCO3 act as barriers to the downward flow of 

water. When the area was under agricultural production and heavily irrigated, these 

discontinuous impeding layers likely created localized perched water tables thereby 

keeping the overlying soil near saturation point.  Since the area was abandoned these 

shallow perched water tables have all but disappeared as the water has seeped into the 

underlying strata. However, soils above these impeding layers currently show a higher 

moisture content than the surrounding soils which are well drained below 4.5 m. There is 

also a strong probability that the subsurface water flow is lateral in areas where 

downward percolation is prevented. Increased EC and Na+ levels in soil samples at the 

southern edges of zone C and all of zone D support this idea.   

Surface water drains in two directions from a central ridge that bisects the site and 

trends in a north-south direction.  The slope of the land from this central spine is ~ 1% 

towards the southeast and the southwest. A rainfall of < 3.9 mm within a 24 hour period 

generally wets the top 2-10 cm of the soil but rainfall > 4 mm generates sheet-flow and 
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compounds the gully erosion problem found in some areas of the project area.  Soil 

moisture data has shown this water does not percolate into the soil at any point on the site 

where it could become available for plant growth. Effectively, all water flows off-site. 

Former and current land-use practices have fragmented the landscape and disconnected 

the surface water flows both on the project site and in the adjacent land.  Locally, 

ephemeral rills and arroyos drain the alluvial plain with the majority of these rills 

terminating in natural depressions, however, a slightly lower area extends on a north-

south axis through the east-central part of the site, possibly marking a historic drainage 

channel (Figure 7).  Storm water and run-off from ~ 8.2 km2 to the north also drains to 

the site at the northern edge of this channel so management of potentially large amounts 

of run-off have to be addressed in the project design.  

 

Vegetation  

A rapid inventory of vegetation was conducted in the spring of 2000 to compare 

spatial patterns and biodiversity on the project site against adjacent undisturbed desert 

areas (reference site). Overall, the northern and central sections of the site were barren 

except for invasive plant species such as Tamarix ramosissima (saltcedar), Salsola kali 

(tumbleweed), Brassica nigra (black mustard), Schismus spp. (mediterranean grass) and 

Solanum elaeagnifolium (silverleaf nightshade). On the eastern, western and southern 

perimeters of the site, intermittent stands of Larrea tridentata (creosote), Atriplex 

polycarpa (desert saltbush), Atriplex canescens (four-wing saltbush) and Isocoma 

acradenia (burroweed) grew on the drier, interfluves at densities of ~ 1 plant 9m-2 and a 
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soil moisture < 6% (mass) in the upper 1 m of the soil profile.  In ephemeral rills and 

areas with a high clay content (soil moisture > 6%), Prosopis velutina (velvet mesquite) 

and Lycium fremontii (wolfberry) occurred in densities correlated to soil water 

availability with the highest densities present in catchment areas. Native annual grasses 

and forbs were also present in these areas following a rain. In general, site vegetation 

mirrored the surrounding natural desert in density but not in biodiversity.   

Within the barren northern and central sections of the site, recolonization had only 

occurred along broken irrigation canals, in small depressions in the soil and along rills cut 

by erosion. Annuals appeared along a cattle trail where the animal’s hooves had broken 

up the soil crust and left small indentations in the ground.  These microsites captured 

rainwater and were a repository for aeolian materials such as soil particles, organic matter 

and seeds. Figures 8 and 9 illustrate how these small changes in topography can sustain 

vegetation by providing the right set of ecological parameters to promote seed 

germination and establishment of native plants. This observation, coupled with soil and 

hydrologic data directed, in part, the design of the project.  

Synthesizing the results from the site assessment, the abiotic and biotic 

parameters identified as major constraints to restoration include: deteriorated soil 

structure, reduced hydrologic function, high soil salinity, gully and rill erosion, absence 

of topographical features and microsites, reduced vegetation and litter cover, low species 

diversity, and very low natural recruitment of plants. A literature review of arid land 

restoration strategies provided a baseline from which we could evaluate a range of 

possible techniques to address these specific constraints. Of particular concern was the 
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scale of the reported restoration projects since the techniques used on a small site (1-10 

ha) would not necessarily apply to a large site (450 ha). For example, installing buried 

clay pots, deep pipes or wicks next to individual native transplants for irrigation purposes 

(Virginia & Bainbridge, 1986), is feasible on small scale projects that can be 

micromanaged.  On a larger scale however, it is cost prohibitive. In addition, the 

management of resource fluxes (water, nutrients, soil) increases in complexity as the size 

of the project increases (Whisenant, 1995). Nevertheless, valuable restoration techniques 

can be gleaned from small projects and then adapted and scaled to fit larger land units. 

 

Goals and Objective 

The goals for this project revolve around removing the causes of land degradation 

and adjusting the abiotic and biotic parameters to support a biodiverse flora and fauna in 

a sustainable manner under the open space designation. Table 2 identifies the specific 

goals, the set of objectives (measures) that address those goals and the expected long-

term outcome. The objectives listed cover more than one goal, for instance, creating 

catchments addresses storm water management and erosion control, while increasing soil 

roughness with cultivation, microcatchments and imprinting will begin to improve soil 

permeability and increase moisture, decrease erosion, and decrease soil salinity through 

leaching.  As the site conditions improve and a diversity of native plants becomes 

established, ecosystem dynamics, involving the flow of water, energy, materials, and 

species, will commence. 
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Reference Ecosystem 

Reference ecosystems are central to restoration projects since they are models 

from which interpolations can be drawn and against which progress can be measured 

(SER, 2002; Hobbs & Norton, 1996 and others), however, when abiotic features are 

severely degraded and their repair can take decades to centuries (Van Diggelen et al., 

2001; Hobbs & Norton, 1996; Cairns & Heckman, 1996), incremental goals are more 

realistic for measuring progress (Box, 1996). The reference site for this project was 

natural desert adjacent to the project site and ephemeral washes approximately 8 km west 

of the site.  Vegetation associations, biodiversity and density were the parameters chosen 

and are described under Natural Vegetation in the regional assessment section above.      

 

Integration of project site into regional landscape 

The project site lies to the south of the electric generating station with a railroad 

track and farm road separating the two areas. Stormwater from the power plant site 

retention basin and adjacent lands to the north, drain to the project site through a culvert 

under the railroad track.  Natural desert occurs to the east of the site and abandoned 

farmland lies to the south and west. The scale of the project site provides an opportunity 

to reconnect the hydrologic system with the greater landscape; this has been identified as 

a key component of the restoration effort. While adjacent lands are under separate 

ownership and management objectives, expanding the natural desert from the east 

reintegrates the project site into a small part of the regional landscape. 

 



 124

Detailed implementation plans and adaptive management provisions 

A broad overview of the design elements for the project site is shown in Figure 10 

and Appendix D contains detailed development drawings for implementing the objectives 

to restore the project site. The majority of the work is centered along the northern and 

central barren sections of the site.   The eastern and southern sections contain some native 

plant stands and these will remain undisturbed.  In a few areas on the western side, sheet 

flow occurs on an intermittent basis and will require moderate intervention. The design 

addresses three main topics: water management, soil treatment and vegetation with these 

abiotic and biotic parameters contributing to ecosystem development over time. 

 

Water Management 

As in most desert ecosystems, water is the single most limiting factor and is the 

key component in the successful restoration and revegetation of barren land. At this site, 

there were two issues that directed the design of water management. The first issue 

related to movement and dissipation of storm water from the power plant retention basin 

and adjacent lands to the north of the project site which can contribute substantial 

quantities of water during storm events. Flows are estimated to reach 0.84 m3 sec-1 

(PWEC, 2001). Since both the power plant and the project site were “disturbed” areas, 

storm water management is regulated under section 404 of the Clean Water Act which 

stipulates that dredged or fill material cannot be discharged into waters of the U.S. In 

addition provisions had to be made to allow water to flow through the site for 

“downstream use” following large storm events, although maps show this water to enter a 
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depression to the south of the project site and does not enter the major washes and 

regional rivers.   The second issue dealt with gully and rill erosion and involved directing 

run-off to discrete catchments where subsurface storage of water would increase soil 

moisture to support vegetation.  

Details of the water management system are shown in Figure 11. A series of 

berms and swales run in an east-west direction at quarter mile intervals to collect and 

concentrate down-slope runoff by intercepting the water through a series of cross-slope 

furrows that terminate in shallow catchments at these berms. The berms in turn, connect 

to the main drainage channel, ultimately connecting to a large irrigation sump at the 

southeastern edge of the property. This sump drains into a natural depression to the south 

of the project site. Water is not expected to reach the bottom of the drainage channel 

except during a 100-year flood. In the event of a large storm a drainpipe and cemented 

spillway were installed at each catchment to allow water to flow to the drainage channel, 

and gabions were installed at quarter mile intervals in the channel to dissipate the energy 

from these large flows. Figure 12 shows the construction details of one gabion and Figure 

13 is an isometric of the gabion from a different view. Broken concrete from existing 

irrigation ditches was used as ballast.  Each gabion connects to a berm on the east and the 

west side and is sized at 90 m to distribute storm surges across the drainage. Under this 

design the maximum overflow following a 100-year storm event would be 15 cm.   

 Contour furrows and small, discrete microcatchments are another method of 

capturing runoff and decreasing erosion.  Contour furrows were placed between existing 

stands of vegetation where sheet erosion was not severe. Runoff water encountering these 
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small berms is held back long enough to percolate into the soil and off-set breaks allow 

for the passage of larger amounts of water after an intense rain. Microcatchments consist 

of a catchment, or collecting area, sloped to direct runoff towards a basin that is backed 

by a small berm to detain water.  The area of each collecting/catchment apron is (100 m2) 

with a (48 m2) basin, a ratio of 2:1 (collecting area:basin area). This ratio falls into the 

acceptable range reported by others in field trials and simulation models (Boers et al. 

1986). The average water capacity for the Gillman loam soil series, prevalent in this area, 

is 9-10% moisture in undisturbed areas The orientation of the microcatchments is 

perpendicular to the slope thus allowing maximum interception of runoff.  V-shaped 

earthen berms were constructed on the south side of each basin with each arm 10 m long.  

On an east-west orientation, the apex of each “V” is 42 m from the apex of the next 

microcatchment and on a north-south orientation they are 30 m apart. It is projected that 

water collecting in the basins will increase the moisture content in the top 60 cm of the 

soil profile to levels that can support plant growth. 

In addition, a farm well was re-commissioned to provide water for temporary drip 

irrigation to native transplants and to feed an existing irrigation ditch that runs down the 

central ridge. This irrigation ditch can provide water to catchments along the berms in 

periods of drought. The well draws water (mean EC=3.2 dS m-1 range 2.2 – 4.2 dS m-1) 

from the regional aquifer to feed these systems. 

The drip irrigation infrastructure is shown in Figure15, and Figure 16 details the 

dripline layout. Each drip irrigation rack feeds ~ 9 ha of barren, saline land where salt 

tolerant plants, such as Atriplex, have been transplanted.  A 10 cm PVC main runs east-
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west with 5 cm PVC sub-mains branching off at 120 m intervals. 12 mm poly drip lines 

are placed in sets of four on 3 m centers with a 15 m space separating each set.  Within 

each line emitters are spaced 3 m apart ( 1 plant 9 m–2) giving the same density of plants 

as the surrounding undisturbed land. This drip irrigation system is fully automated and 

controlled from a skid and secondary pump. The total area under drip irrigation is 48 ha 

representing 40% of the area needing revegetation. 

 

Soil Treatment 

Soil improvement strategies concentrated on reducing erosion, increasing soil 

permeability and moisture retention, decreasing soil salinity and developing suitable 

conditions for seed germination and plant establishment. Increasing the stability of soils 

and infiltration rates also begin the repair process of degraded land through a series of 

positive feedback loops between soil and plants (Wali, 1999; Schlesinger & Pilmanis, 

1998; Van Breemen & Finzi, 1998). Ultimately water should be utilized where it falls 

(Sanders, 1990). The focus for selecting soil treatments had to address abiotic parameters, 

but the final decision ultimately rested on the compatibility of various techniques against 

seed germination requirements.  For example, in an experiment described by Montalvo et 

al., (2002) the relative position of native seeds in the upper few centimeters of the soil 

profile had an effect on germination.  Larger seeds should be planted deeper in the soil 

than small seeds but with a mix of large and small seeds common in native plants, soil 

treatments had to balance the requirements of both. The soil improvement strategies 

tested in the pilot project included chiseling the surface soil to break up any soil crusting, 
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ripping the soil to a depth of 15 cm or greater, and land imprinting (Dixon & Carr, 2000) 

to push seeds into the upper few centimeters of the soil. A full report detailing the surface 

soil treatments and resulting plant establishment is found elsewhere (Gerhart et al. In 

preparation) but a synopsis of soil treatment trials tested against plant germination and 

establishment is given in the results of the pilot study described below.  

  

Vegetation 

Plant selection was based on the survey of existing plants on the site and plants 

native to the Lower Colorado River subdivision of the Sonoran Desertscrub Formation. 

These plants were then assessed according to their likely survival under current site 

conditions, particularly with regard to their salinity tolerance and potential soil moisture 

needs. Plants were established on the site by four methods: a) native seedlings 

transplanted under drip irrigation, b) native seedlings transplanted to catchments, c) 

native seeds broadcast in combination with surface soil treatments, d) native seeds hand 

broadcast along contour furrows, swales, catchments and microcatchments.   

The species selected for propagation fell into two categories, salt tolerant plants in 

the low moisture zones (A. canescens, A. lentiformis and A. polycarpa), and a diverse 

selection of trees and shrubs in the catchment areas with expected higher soil moisture 

(P. velutina, C. floridum, O. tesota, A. greggii, A. lentiformis, L. fremontii, L. tridentata, 

A. dumosa, Cassia covesii, Encilia farinosa, and Sphaeralcea ambigua). Where possible 

seeds were collected from the site and surrounding areas and then propagated in the 

greenhouses at the Environmental Research Laboratory (ERL) at the University of 
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Arizona in Tucson.  These seedlings were initially planted out along the drip irrigation 

racks and in the catchment areas of the pilot project to determine their suitability to 

existing site conditions. 

A custom blend of native seeds included perennial shrubs, forbs and grasses 

(Table 3). Many of these seeds can lie dormant in the soil until the right set of conditions 

(soil temperature, soil moisture, and/or length of day) promote germination and seedling 

emergence.  In arid regions where long drought conditions are common germination can 

take several years, however, the seeds become part of the seed bank and are thought to 

remain viable for years.  

  

PILOT PROJECT 

The pilot project covered 80 ha on the north central portion of the site and tested 

five main restoration strategies: 1) water management and catchment features, 2) native 

transplants on drip irrigation, 3) broadcast dry-seeding with land imprinting, 4) 

hydroseeding with various combinations of soil treatments, and 5) split-plot experiment 

incorporating various soil treatments with dry-seeding and sprinkler irrigation.  The 

layout of these strategies is seen in Figure14. The basic design elements have been 

explained above and will not be repeated here except for clarification purposes, and the 

soil surface treatments and revegetation options are described in Gerhart et al. (In 

prepatation) and Banerjee et al. (In preparation).   Each strategy tested will be briefly 

described and then followed by a synopsis of results.  Construction of the pilot project 

took six months and was completed by March 1 2002.   Monthly vegetation monitoring 
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on the seeded areas occurred along permanent transect lines to document temporal 

change in species richness and density by identifying and counting all plants that fell 

within 0.5 m on either side of the transect line. The target density was 1 plant 9 m-2 which 

mirrored the reference area, however, long term survival ranges from 5-15% of initial 

establishment (Whisenant, 1999) so seeding method and soil surface treatments were 

assessed according to density and species richness that exceeded the target.  For the 

transplants on drip irrigation, plant growth and survival were measured along four 

randomly spaced transect lines. 

 

Water management 

Water management strategies included the northernmost berm, and associated 

cross-furrows and catchments draining approximately 24 hectares, 78 microcatchments to 

the west of the central ridge, and contour furrows placed in stands of sparse vegetation on 

the western edge of the project site where run-off was occurring.  The microcatchments 

were chosen to test water management strategies since they had the smallest collecting 

area (100 m2). 

 Data collected on July 11th 2002 and September 12th 2002 following a 13 mm rain 

showed that these microcatchments collected water in the basin and infiltration occurred 

to a depth > 64 cm. Samples taken in July only recorded the depth to the wetting edge in 

one catchment, while September’s data was collected from three catchments and 

analyzed for soil moisture.  A second set of samples was collected from the same three 

catchments a week later to determine the loss of moisture either through percolation or 
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evaporation. As a comparison, soil samples were collected at each hydroprobe port to a 

depth of 12 cm and analyzed for soil moisture. Tables 4, 5 and 6 show the results. 

In the three microcatchments, soil samples were collected at 1m intervals from the lowest 

point in the basin to a distance of 10 m into the collecting area. The depth to the wetting 

edge in the microcatchments followed the same pattern as that measured in July 2002 

(Table 6). The basins in the catchment areas are holding an average 15.42% soil moisture 

in the upper 55 cm of soil in a 1m radius from the lowest point in the basin. In contrast 

the average soil moisture sampled at the hydroprobe ports was 6.34%. (depth = 12 cm). 

The average water holding capacity (9-10% moisture) was clearly exceeded in the basins 

of the microcatchments. 

  

Native transplants on drip irrigation. 

 In March 2002, 4,800 Atriplex seedlings were planted on 8.9 ha bordering the 

north edge of the property.  Many of the seedlings died during the first two months due to 

an inoperable well but replacement seedlings were set out in April and May. Previous 

studies have shown that 3.78 l/day/plant during the summer and 1.89 l/day/plant during 

the winter months provides sufficient water for plant establishment (Glenn et al., 2001), 

however, given the high salinity of the soil (EC = 6.8 dS m-1) and the well water (EC = 

3.9 dS m-1) irrigation amounts were doubled to maintain a high soil moisture level around 

the root zone during the establishment period. Survival rates were 98% during the 8 

month monitoring period and growth, measured as canopy cover, was ~ 700%.  A. 

lentiformis was more sensitive to plant available water than A. canescens and A. 
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polycarpa, and had episodic die-backs when the irrigation well was broken for extended 

periods of time. The drip irrigation in this area needed constant repair and maintenance 

with an annual cost estimated to be $20,000.  

 

Broadcast dry-seeding with land imprinting. 

 A native seed mix was direct seeded on 26.73 contiguous hectares at a rate of 

16.97 kg PLS ha-1 and immediately imprinted. The goal on this area was to cause 

minimal disturbance while at the same time ensuring that the soil crust was broken, sheet-

flow was arrested and rainfall infiltrated into the soil. Density and species richness (# of 

plants) were monitored across eight permanent transect lines.  Results from this area 

showed pockets of good germination and establishment interspersed among bare ground, 

but overall this combination of seeding method and soil surface treatment did not provide 

a good density of plants.  

   

Hydroseeding with various combinations of soil treatments.  

Revegetation strategies combine hydroseeding with various soil and mulch 

treatments over 2.43 ha divided into 6 equal plots.  Table 7 shows the treatments on each 

plot. Plots 1 and 2 were previously disced to remove weeds and plots 5 and 6 were ripped 

to a minimum depth of 15 cm. There was a significant difference between treatments and 

the emergence and survival of native species introduced (F=7.258, p<0.001) with plot 5 

showing the largest species richness (9 different species) and density (48 plants 9 m-2). In 

contrast plots 1 and 2 had a mean density of 21.4 plants 9 m-2, plots 3 and 4 had a mean 
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density of 1.4 plants 9 m-2, and plot 6 a density of 17 plants 9 m-2.  On this site the highest 

degree of soil treatment appeared to promote native plant establishment. Ripping the soil 

evidently broke up the soil crust sufficiently to increase infiltration and percolation of 

rainwater, while imprinting concentrated available water.  In addition, this combination 

of treatments could have the added benefit of leaching surface salts to lower layers of the 

soil profile over time.  

 

Split-plot experiment incorporating various soil treatments with dry-seeding and sprinkler 

irrigation 

A 1.22 ha test plot tested 4 soil treatments (chiseling, fertilization, imprinting and 

mulch) combined in a replicated four-way factorial design to assess germination and 

survival of broadcast seeds (Banerjee, In preparation). Each plot was further divided so 

half the plot could be watered with a sprinkler irrigation system at a rate of 9 l week-1 in 

the summer months and 3.6 l week-1 in the winter months. In this test plot soil treatment 

did not have a significant effect on species richness and density and irrigation failed to 

promote native seed germination and establishment, but it did encourage the growth of 

the invasive winter annual, Brassica nigra and the invasive summer annual Salsola kali. 

The proliferation of the invasive plants could have affected native species establishment, 

however determining plant-plant interactions was beyond the scope of this pilot project. 

The results from all the vegetation test plots indicated hydroseeding combined with 

ripping the soil to a minimum depth of 15 cm, followed by land imprinting (‘V’-shaped 

imprints to 10 cm) produced the highest vegetation density and diversity in addition to 
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increasing surface roughness, encouraging water infiltration, and beginning the process of 

leaching salts to lower points in the soil profile. Native seedlings transplanted along drip 

irrigation lines provided a rapid cover on severely degraded land and is a useful strategy 

to establish keystone species where irrigation is feasible. 

 

ADAPTIVE MANAGEMENT 

The results of the pilot project provided a snap-shot of how baseline site conditions 

performed following various water management and revegetation interventions. 

Precipitation during the eight month monitoring period was 168 mm, slightly above the 

13 year mean of 141mm (range 40-351mm) but as Figure 17 shows 80 mm fell in 

February 2003 with 59 mm falling in a 24 hour period. The intensity of this rainfall 

adequately tested the restoration strategies used in the pilot project and allowed 

adjustments to be made to the development drawings for the remaining 352 ha. Overall, 

the goals of the project were attained and are expected to perform well as ecosystem 

development proceeds on a spatial and temporal scale.  The following list highlights three 

areas of concern and specifies modifications to the final plans: 

1) Undercutting and cavitation occurred in the catchment areas along the berm below 

and around the storm drainage overflow pipes. There was also some minor erosion 

around the spillways. 

a) Fortify spillways, fill and compact soil around overflow pipes. Lay geo-tech 

fabric in erosional areas and cover with river rock to dissipate energy of large 

flows. 
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2) The drip irrigation lines had been laid on the surface in the pilot project exposing 

them to damage from the sun, and wildlife looking for a water source. 

a) All main, sub-main and poly tubing for additional irrigation racks need to be 

buried. 

3) The native seed mix used in the pilot project was not tailored to potential soil 

moisture. The 80 ha test area was fairly uniform in terms of physical and chemical 

soil properties whereas the remaining 352 ha is more heterogeneous, grading from 

dry areas to areas with potentially high soil moisture following heavy rains. In 

addition, the low number of forbs and grasses did not provide a balanced habitat for 

the local fauna.  

a) Table 8, 9, and 10 lists the plant species for the dry, intermediate and moister 

areas of the site respectively. 

b) The drier areas of the site (43 ha) are located between the berms and the drip 

irrigation lines to the east of the wash and the northeastern area to the west of the 

wash.  The intermediate area (4 ha) is a narrow strip on the western edge of the 

wash. The moister area (18 ha) is the newly reconstructed wash or drainage 

channel. 

c) The portions of the site to be seeded will have the following treatments in the 

order given: i) soil ripped to a minimum depth of 15 cm followed by a cultipacker 

to provide an even soil surface, ii) hydroseeding, iii) mulch of straw applied at a 

rate of 2 tonnes ha-1, iv) imprinting with minimum imprint of 10cm. 
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MONITORING 

Permanent transect lines remain on the pilot project site to allow subsequent 

monitoring should additional funds become available or if the area can be revisited to 

assess the level of ecosystem development and function in the future.  Future monitoring 

should evaluate the following: a) difference in plant structural diversity, species richness 

and density between the revegetation strategies, b) spatial recruitment of plants across the 

site, c) soil salinity levels within the soil profile, d) soil moisture levels, e) soil structural 

development, and f) assessment of soil biota as indicator of nutrient cycling.  

 
MAINTAINING AND PROTECTING SITE 
 

This restoration site falls under the management of the electric utility company 

and all efforts have been make to protect the site with wildlife fences and gates. From the 

start, this project was designed to be sustainable without further maintenance or inputs at 

the conclusion of construction and implementation. However, imbedded in the design are 

provisions for emergency irrigation to the catchments along the berms in the event of 

severe drought and the drip irrigation systems can be reactivated if necessary.    

 
CONCLUSION 
 

The restoration strategies used at this site appear to have removed the factors 

contributing to further land degradation and adjusted the abiotic and biotic parameters to 

enhance a biodiverse flora and fauna in a sustainable manner. However, at this point the 

trajectory of ecosystem development is not discernable and there are no guarantees it will 

follow the most desirable path. Unfortunately, corporate mandates do not provide for 
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continual monitoring and subsequent adjustments to modify undesirable changes across 

the restored site; this is a common feature of mitigated projects and one that leaves the 

ultimate success or failure open to discussion among the stakeholders. In addition, the 

time frame allocated for restoration on this scale should ideally be phased to 

accommodate short-term biophysiochemical changes rather than putting all the abiotic 

and biotic elements in place at once. For example, the prevalence of invasive plants on 

this site should dictate a minimum two-year cycle for control prior to further site work 

with a built-in adaptive management plan to address subsequent outbreaks.  Vegetation 

establishment could begin with the establishment of functional keystone species that 

would then be under-sown with a selection of shrubs, forbs and grasses to increase 

primary productivity and address all levels of the food chain.  With few large arid land 

restoration projects old enough to see ecosystem development over a decadal timescale, 

intermediate, short-term outcomes tend to serve as proxies, and inference from models 

and reference sites can only partially predict outcomes since baseline conditions are 

generally dissimilar. Nevertheless, vegetation has become established in the catchment 

areas and across the formerly barren north and central sections of the site, and an increase 

in wildlife has been noted since the project was completed.    
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Table 1. Chemical analysis of consolidated soil samples from the four different zones.  
one D pH Ca 

 ppm 
Mg  
ppm 

Na  
ppm 

K  
ppm 

EC  
dS/M 

NO3-
N 
ppm 

P  
ppm 

ESP 
% 

CEC 
MEQ/100g

Moistur
e 
% 
(mass) 

Soil 
Texture 

A 30 8.5 6400 110 1100 120 6.6 41.0 3.4 12.6 6.5 3.8 SL 
 91 8.5 6800 170 1100 56 6.6 26.0 2.9 11.9 7.0 4.32 SL 
 183 8.4 6800 260 1200 78 7.2 19.0 7.2 12.5 7.0 6.3 SL 

B 30 8.2 6700 170 620 89 5.0 33.0 3.3 7.1 7.0 2.53 SL 

 91 8.5 6800 180 680 80 3.8 13.0 3.5 7.6 9.2 3.29 SL 
 183 8.8 6800 260 1300 120 4.2 17.0 2.2 13.4 9.2 5.68 SL, C 

C 30 8.4 7000 140 2700 120 15.8 67.0 3.9 24.3 9.9 3.09 SL 

 91 8.6 7000 180 3300 99 18.6 76.0 3.4 28.1 12.0  5.49 SL 
 183 8.6 6500 220 3600 120 14.8 55.0 4.5 31.1 12.0 6.53 SL,C,Gr 

D 30 8.0 9500 200 790 120 10.8 21.0 6.7 6.5 11.0 4.08 SL 

 91 8.0 1300
0 

270 1500 160 15.2 16.0 5.7 8.8 17.0 7.45 SL,C 

 183 8.0 1100
0 

410 2700 240 18.4 17.0 3.8 16.6 17.0 10.43 SL, C 

Sur-
face 

30 8.3 6467 140 62 224 0.7 15 7.2 0.85 N/A N/A SL,  

SL = Sandy Loam, C = Clay, Gr. = Gravel, EC = Electrical conductivity (salinity), ESP = 
Exchangeable sodium percentage, CEC = Cation exchange capacity. 

 
  



 143

 
Table 2. Project site goals and objectives with expected long-term outcomes 

 
 
 
 
 
 

GOALS OBJECTIVES EXPECTED LONG-TERM 
OUTCOME 

Storm water management  
i) 500 yr flood event 
ii) Federal 404 

regulations 
 

a) Catchments, swales, wash, 
berms & furrows 

b) Energy dissipation 
(gabions) 

c) Storm-overflow structures 

 
a) > water retention on site 
b) Reduce erosion 

Decrease erosion a) Management of overland 
flow (run-off) 

b) Increase vegetation cover 
c) Surface soil treatment to > 

roughness 

a) Improve soil structure 
b) > water-holding capacity 
c) > soil organic matter 
d) Initiate nutrient cycling 
e) > soil biota 

Increase soil permeability and 
soil moisture 

a) > soil roughness with 
cultivation, 
(micro)catchments, 
furrows, imprinting 

b) > vegetation cover 

a) Improve soil structure 
b) > water-holding capacity 
c) > soil organic matter 
d) Initiate nutrient cycling 
e) > soil biota 

Decrease soil salinity  > soil infiltration with surface 
soil       treatments to 
encourage natural leaching 

a) < soil salinity in upper 
profile 

b) > diversity of plants 
Increase topographical features 
and microsites 

a) Incorporated into storm 
water management 
objectives 

b) Contour furrows 
c) Imprinting 

a) > variability into land-
form structure 

b) > natural recruitment 

Increase species diversity Develop a plant list to include    
functional types and species 
diversity 

a) Biodiverse structured 
vegetation cover 

b) Aids ecosystem stability 
and buffering effects 
spatially & temporally 

c) Improves wildlife habitat 
d) > genetic diversity 
e) > potential trophic 

interactions 
 

Increase vegetation and litter 
cover 

a) Provide immediate cover 
on 40% of severely 
degraded area (irrigated) 

b) Seed with native mix 
c) Density = 1 plant 9m-2 

a) Capture wind and water-
borne soil, nutrients & 
organic matter 

b) Improves soil condition 
c) Improve nutrient and 

water retention 
d) Provides structured 

habitat for wildlife 
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Table 3. Native seed mix for pilot project 
Species Common Name lbs/acre Seeds/lb # seeds/acre
Plantago insularis Desert Indian Wheat 5 325,000 1,625,000
Larrea tridentata Creosote 3 80,000 240,000
Ambrosia dumosa White Bursage 2 85,000 170,000
Atriplex canescens Four-wing saltbush 1 52,000 52,000
Bouteloua aristidoides Needle grama 1 414,000 414,000
Acacia greggii Catclaw acacia 1 2,500 2,500
Atriplex polycarpa Desert saltbush 0.25 800,000 200,000
Cassia corvesii Desert senna 0.50 110,000 55,000
Aristida purpurea Purple 3-awn 0.50 250,000 125,000
Encilia farinosa Brittlebush 0.25 175,000 43,750
Haplopapus laricifolius Turpentinebush 0.25 850,000 212,500
Atriplex lentiformis Quailbush 0.25 500,000 125,000
Baileya multiradiata Desert marigold 0.25 1,060,000 265,000
Totals   15.25   3,529,750
 
 
Table 4. Depth to wetting edge in one microcatchment following a 13 mm rainfall. 
10 meter transect line from basin to catchment area in one microcatchment. July, 2002. 
Distance from  
Basin (m) 

0 1 2 3 4 5 6 7 8 9 10 

Depth to dry  
soil  

>61cm 
 

>48cm 
 

18cm 
 

23cm 
 

15cm 
 

9cm 
 

8cm 
 

8cm 
 

5cm 
 

3cm 
 

8cm 
 

 
Table 5. % soil moisture at hydroprobe ports from samples collected September 12, 2002. 
Hydroport 1 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
0-12 cm 
Soil sample 

11.21 2.34 11.37 12.86 6.36 4.51 5.8 12.44 12.09 5.37 10.84 9.38 4.52 7.6 8.72 

30 cm  
Probe reading

2.34 2.87 2.45 4.19 2.5 1.63 1.18 1.75 2.08 3.8 6.78 2.62 2.61 2.08 2.77 

 
Table 6. Mean % soil moisture taken from 3 microcatchments one week apart. 

Meter  
intervals 

0 1 2 3 4 5 6 7 8 9 10 

9-12-02 18.15 12.69 8.43 13.32 8.31 8.09 7.79 7.57 9.81 7.79 7.12
9-19-02 5.78 5.44 5.19 6.39 4.48 5.54 4.4 4.9 3.51 4.03 3.65
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Table 7.  Soil treatments and amendments applied to each plot on 2.43 ha trial. 
 Plot 1 Plot 2 

 
Plot 3 Plot 4 

 

Plot 5 Plot 6 

Plot treatments Soil disced 
Imprint, 
Hydroseed 
Straw- 
mulch 
Tack straw

Soil disced 
Imprint 
Hydroseed 
Hydromulch

Hydroseed 
Straw- 
mulch 
Tack straw

Hydroseed 
Hydromulch 
 

Dozer rip 
Imprint 
Hydroseed 
Straw- 
mulch 
Tack straw 

Dozer rip 
Hydroseed 
Straw- 
mulch 
Tack straw

Amendments       
Fertilizer (16-20-0) 90 Kg 90 Kg 90 Kg 90 Kg 90 Kg 90 Kg 
Wood fiber 315Kg 900 Kg 315Kg 900 Kg 315Kg 315Kg 
Tackifier 90 Kg 45Kg 90 Kg 45Kg 90 Kg 90 Kg 
Straw 1.8mt 0 1.8mt 0 1.8mt 1.8mt 
 
 
 
 
Table 8. Native seed mix for dry areas of project site. 
Dryland         
Type Species Common name lbs. Seeds/lb #seeds/acre

S Atriplex canescens Four-wing 
saltbush 1.00 52,000 52,000

S Atriplex polycarpa Desert saltbush 0.50 800,000 400,000
S Ambrosia dumosa White bursage 1.00 85,000 85,000
S Cassia corvesii Desert senna 1.00 110,000 110,000
S Larrea tridentata Creosote 5.00 80,000 400,000
F Sphaeralcea ambigua Globemallow 1.00 500,000 500,000
F Baileya multiradiata Desert marigold 0.50 1,060,000 530,000
G Aristida purpurea Purple 3-awn 2.00 250,000 500,000
G Bouteloua aristidoides Needle grama 2.00 414,000 828,000
Total     14.00   3,353,000
S=shrub, F=forb, G=grass 
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Table 9. Native seed mix for areas between soil moisture zones. 
Transition 
Zone           
Type Species Common name lbs. Seeds/lb #seeds/acre

T Cercidiuim microphyllum Paloverde 0.75 4,500 3,375
T Prosopis velutina Velvet mesquite 0.50 13,500 6,750
S Atriplex canescens Four-wing saltbush 1.00 52,000 52,000
S Atriplex polycarpa desert saltbush 0.25 800,000 200,000
S Ambrosia dumosa White bursage 1.50 85,000 127,500
S Cassia corvesii Desert senna 0.50 110,000 55,000
S Encilia farinosa Brittlebush 0.25 175,000 43,750
S Larrea tridentata Creosote 3.00 80,000 240,000
S Lycium exsertum Thornbush 0.25 500,000 125,000
F Sphaeralcea ambigua Globemallow 0.50 500,000 250,000
F Baileya multiradiata Desert marigold 0.25 1,060,000 265,000
F Abronia villosa Desert sand verbena 0.25 38,000 9,500
F Eschscholtzia mexicana Mexican gold poppy 0.25 850,000 212,500
F Zinnia accerosa White zinnia 0.25 392,500 98,125
G Aristida purpurea Purple 3-awn 1.00 250,000 250,000
G Bouteloua aristidoides Needle grama 1.00 414,000 414,000
G Bouteloua gracilis Blue grama 1.00 825,000 825,000
G Hilaria rigida Big galleta 0.50 350,000 175,000
Total     13.00   3,352,500
T=tree, S=shrub, F=forb, G=grass 
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Table10. Native seed mix for areas with highest soil moisture. 
Catchment 
and Wash           
Type Species Common name lbs. Seeds/lb #seeds/acre

T Cercidium floridum Paloverde 1.00 3,000 3,000
T Prosopis velutina Velvet mesquite 1.00 13,500 13,500
S Acacia greggii Catclaw acacia 1.00 2,500 2,500
S Atriplex lentiformis Quailbush 1.00 500,000 500,000
S Encilia frutescens Rayless encilia 0.50 175,000 87,500
S Cassia corvesii Desert senna 0.75 110,000 82,500
S Lycium andersonii Wolfberry 0.50 592,000 296,000
F Sphaeralcea ambigua Globemallow 0.50 500,000 250,000
F Baileya multiradiata Desert marigold 0.25 1,060,000 265,000
F Eschscholtzia mexicanaMexican gold poppy 0.25 850,000 212,500
F Helianthus annuus Annual sunflower 0.25 58,500 14,625
F Verbena gooddingii Gooding's verbena 0.50 482,800 241,400
F Zinnia accerosa White zinnia 0.50 392,500 196,250
G Aristida purpurea Purple 3-awn 1.00 250,000 250,000
G Bouteloua aristidoides Needle grama 1.00 414,000 414,000
G Bouteloua gracilis Blue grama 0.50 825,000 412,500
G Hilaria rigida Big galleta 1.00 350,000 350,000
G Sporabulus airoides Alkali sacaton 0.25 1,758,000 439,500
Totals     11.75   4,030,775
T=tree, S=shrub, F=forb, G=grass 
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Figure 2. Sampling points on project site 
 

 
 
 
 
 
 

Figure 1. Annual Precipitation in the Hassayampa Sub-basin.
              Mean = 189mm (range=93-263mm).
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Figure 3. Zone A mean soil moisture 
(January 2001 - December 2002).
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Figure 4. Zone B mean soil moisture
(January 2001- December 2002).
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Figure 5. Zone C mean soil moisture
(January 2001 - December 2002)
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Figure 6. Zone D mean soil moisture
(January 2001 - December 2002)
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Figure7. Map of historic drainage at the Project Site:  
Compiled from aerial photographs and maps. 

 
  
 
 
 
 
 
 
                               
Figure 8. Shallow depression                   Figure 9. Vegetation in broken ditch 
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Figure 10. Design elements for the project site. 
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Figure 11. Details of berm and cross-slope furrow construction in relation to drainage 
channel 
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        Figure 12. Gabion detail 
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Figure 13. Gabion isometric 
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 Figure 14. Pilot Project “as-built” drawing 
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Figure 15. Drip irrigation infrastructure 

 
 
 
 
Figure 16. Drip line layout      
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Figure 17. Precipitation during pilot project monitoring period
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7.  APPENDIX D 
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