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ABSTRACT 

Revegetation of riparian tree species along the lower Colorado River is currently a major 

activity for federal and state agencies.  Revegetation methods for Fremont cottonwood 

(Populus fremontii), Goodding’s willow (Salix gooddingii), and coyote willow (S. 

exigua) have historically consisted of cutting collection and vegetative propagation.  If 

direct seeding could be implemented, large cost-savings could be realized while 

enhancing restoration results due to increased genetic and structural diversity.   The 

following documents laboratory, greenhouse, and field studies conducted to establish 

seed storage practices, irrigation techniques, and seeding methods and rates which 

maximize germination and growth rates of these riparian tree species.  Experimental seed 

storage study results indicated that seed viability was maintained for at least a two-year 

window by freezing, during which seed can be utilized for direct seeding or seedling 

production.  Greenhouse study results include: (1) seed cleaning resulted in higher tree 

establishment; (2) adverse soil conditions reduced growth rates; (3) organic fertilizer 

amendment mitigated negative effects of sandy soil for Fremont cottonwood but not for 

willow; (4) mixed seeding resulted in cottonwood dominance, indicating that reduced 

rates or separate seeding of this species might be required to improve success of willow 

species seeding.  Small-scale field study results include the following: (1) Fremont 

cottonwood establishment averaged 7% of pure live seed rates, whereas willow species 

establishment was less than 1%; (2) sprinkler irrigation did not affect establishment, and 

decreased tree growth rates; (3) hydroseeding resulted in higher canopy cover, 

establishment, and above-ground biomass compared to broadcast seeding for all three 
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species; (4) furrow or border irrigation did not affect Fremont cottonwood or coyote 

willow establishment, but furrow irrigation resulted in higher Goodding’s willow 

establishment.  Volunteer species were abundant, with grasses dominating cover and 

biomass after one growing season despite application of grass specific herbicide.  

Saltcedar (Tamarix ramosissima) also established in abundance, but grew slower than 

Fremont cottonwood during the first growing season.  Monitoring after three growing 

seasons indicated higher growth rates and survival of Fremont cottonwood compared to 

volunteer species.  Larger-scale seeding studies are required to refine establishment rates 

and determine the cost-effectiveness of direct seeding for large-scale Salicaceae species 

revegetation.  
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 CHAPTER 1: INTRODUCTION  

1.1 Problem Statement 
 

Western U.S. land managers are tasked with restoring thousands of hectares of 

vegetation along streams, where flow regulation, clearing of native vegetation, grazing, 

and introduction of non-native species have resulted in decreased ecological value of 

riparian corridors.  Along the lower Colorado River specifically, the Bureau of 

Reclamation (U.S. Department of the Interior) plans to re-vegetate 2,400 hectares with 

Fremont cottonwood (Populus fremontii), Goodding’s willow (Salix gooddingii), and 

coyote willow (S. exigua).  Pole and rooted cutting planting (vegetative propagation) are 

the standard methods for re-vegetation of riparian areas.  However, it has been noted that 

vegetative propagation results in a lack of genetic diversity within restoration sites.  

Additionally, vegetative propagation results in high revegetation costs due to the need for 

collection, storage, and preliminary establishment in greenhouses.  High-density 

establishment of seedlings has been observed in riparian systems which still experience 

seasonal flooding and scour or in areas where surface water drawdown is controlled to 

coincide with periods of native seed dispersal.  If such conditions could be replicated 

following the application of native, locally-collected seed, it might be possible to reduce 

costs while increasing genetic and structural diversity within restoration sites. 

 The literature generally suggests that viability of cottonwood and willow seed is 

limited to one to several weeks under field conditions.  Very short periods of seed 

viability would preclude direct seeding because of a very narrow window available for 

coordination of seed collection and treatment, site preparation, and seeding.  Other 
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attributes of this seed which might make it difficult to use for direct seeding include its 

very small size and abundant pubescence.  Under natural conditions, these morphological 

attributes promote natural seed dispersal via aeolian and fluvial transport.  However, 

following seed application, unwanted seed dispersal might result in unpredictable native 

tree establishment within restoration sites—either unacceptable heterogeneity of 

establishment or revegetation failure due to bulk transport of seed from the site. 

 Previous attempts have been made at direct seeding of cottonwood and willow on 

the lower Colorado River.  However, inconsistent methodologies and a lack of scientific 

research design have not allowed development of recommendations for optimal seed 

collection, treatment, and application methods.  Additionally, the effects of different 

irrigation options had not been well-documented. 

 To satisfy the need for research on direct seeding of riparian species, a phased 

research program was implemented to investigate the feasibility of direct seeding for 

large-scale riparian revegetation.  The primary objectives of the current research are the 

following: 

• Determine if simple storage methods might extend viability of Salicaceae seed 

from a purported window of weeks to months or years.   

• Determine the effectiveness of direct seeding in establishing high-density 

vegetation in restoration areas. 

• Document the success of potentially-favorable seeding rates, seeding methods, 

and irrigation techniques for dense seedling establishment and high growth rates. 
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Secondary objectives of the current study include determination of the effects of soil 

texture, soil compaction, and organic fertilizer on germination, survival, and growth of 

cottonwood and willow.  The posed problem is unique because effective direct seeding 

requires: (1) development of seed treatments and preservation techniques for Salicaceae 

species for which little research has been implemented; (2) development of seed 

application methods and rates which promote high density establishment while 

maintaining high growth rates; and (3) an ecological perspective of inter- and intra-

specific interactions between seeded species and undesirable non-native species (e.g. 

saltcedar (Tamarix spp.) and various grasses). 

To achieve these objectives, a three-phase research approach was implemented.  

First, seed storage and germination trials were implemented to determine the 

effectiveness of seed cleaning, freezing, and oxygen removal on maintaining seed 

viability.  This phase of the research is detailed in Appendix A.  Next, the feasibility of 

seeding was studies through a greenhouse study, whereby seed cleaning, seeding rate, 

soil type, and organic fertilizer effects were analyzed in a controlled environment.  This 

research is detailed in Appendix B.  Finally, the effectiveness of direct seeding was 

examined through small-scale field studies.  This research is detailed in Appendix C.   

The following studies were funded by the Bureau of Reclamation Multi-Species 

Conservation Program (MSCP, U.S. Department of the Interior, Boulder City, Nevada) 

under contract number 06CR308057, entitled “Feasibility Study Using Native Seeds in 

Restoration, California-Arizona-Nevada”.  With guidance and assistance from the project 

team, an overall project proposal and annual research methods were developed to address 
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the project objectives based on a general research plan proposed by MSCP Restoration 

Group in a Request for Proposals.  Appropriate laboratory, greenhouse, and field study 

experimental methods were developed under the guidance of project directors, as were 

designed survey and data analysis methods.  Additionally, annual reports and the 

manuscripts provided in Appendices A through C were written.
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1.2 Literature Review and Background 

1.2.1 Reductions in Riparian Plant Communities 
 

River systems throughout the world have been dramatically altered for 

anthropogenic uses.  Agriculture, power generation, settlement along streams, and 

diversions for urban consumptive uses of water have resulted in extensive land clearing, 

disconnection of floodplains from riverine hydrology, and reduction in water flows.  The 

accidental or intentional introduction of exotic species into these ecosystems has 

provided additional stressors. 

Along the lower Colorado River—the portion of the Colorado River between 

Lake Mead and the Colorado River Delta—former riparian (dominated by Salicaceae 

trees) and mesquite- (Prosopis spp.) bosque vegetation communities are now dominated 

by agricultural areas and stands of saltcedar, a non-native species introduced from 

Eurasia, and currently classified as a noxious weed in at least eleven U.S. states 

(http://plants.usda.gov).  During the 20th century, a series of dams were constructed on 

the lower Colorado River.  These dams provide hydroelectric power, create reservoirs for 

recreational use, provide flood control, and allow for diversions of water for agricultural 

and urban use.  However, land clearing and flow regulation have resulted in degradation 

of ecosystems along the channel and within the historic floodplain.  Flow regulation 

effects include absence of salt leaching from the floodplain, a reduction in sandbar 

formation during spring and early summer, which provided germination sites for native 

riparian species (Rood et al., 2003), and channel incision and groundwater elevation 

decline (Shafroth et al., 2002).  Each of these components has contributed to the historic 
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decline of native Western riparian plant communities, particularly the replacement of 

native riparian species with saltcedar on floodplains (Busch, 1995; Cooper et al., 2003; 

Glenn et al., 1998; Horton et al., 2003; Lite and Stromberg, 2005; Stromberg, 1993; 

Stromberg et al., 2006; Tiegs et al., 2005).  Additionally, the increased residence time of 

water due to the abundance of reservoirs results in evapo-concentration of salts.  Finally, 

various non-native species have been introduced which vigorously compete with native 

riparian species given the degraded ecosystems resulting from processes described above.  

Saltcedar has increased in abundance on the lower Colorado River, and monotypic stands 

of this species now dominate lower Colorado River floodplains.  Similar saltcedar 

expansion has been observed on other floodplains in the Southwest (Burken and Cooper, 

2006), and saltcedar is now the third most common woody riparian species in the western 

U.S. (Friedman et al., 2005).  

Fire frequency and intensity has increased concomitantly with desertification and 

saltcedar expansion, and favors saltcedar-dominated plant communities over native 

riparian trees.  Single, large fires are capable of eliminating Fremont cottonwood, 

whereas multiple fires will eliminate willow species.  Saltcedar-dominated areas are more 

likely to experience regular fires due to rapid regeneration of trees from roots (Busch, 

1995).  Regular fires also result in increased soil salinity (Busch and Smith, 1993), and 

native species are less tolerant of saline conditions than saltcedar (Glenn and Nagler, 

2005; Shafroth et al., 1995).  In some cases, additional accumulation of soil salinity has 

been attributed to exudation of saline solutions from saltcedar foliage or deposition of 

leaf litter (Ladenburger et al., 2006).  The combination of these factors has resulted in a 
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competitive advantage of saltcedar over cottonwood and willow on lower Colorado River 

floodplains (Busch and Smith, 1993; Ellis, 2001; Glenn and Nagler, 2005; Smith et al., 

1998). 

Habitat loss is often considered the greatest threat to subsistence of native fauna.  

This is the case on the lower Colorado River, where the reduction in native plant 

communities is believed to have resulted in the decline of several species.  Of particular 

concern for the U.S. Bureau of Reclamation are neotropical migrant birds including the 

Southwestern willow flycatcher (Empidonax traillii extimus) and the Western yellow-

billed cuckoo (Coccyzus americanus occidentalis).  Agricultural areas provide little 

habitat for these species, whereas saltcedar stands have been observed to provide habitat 

for a variety of native species (Owen et al., 2005), especially where some portion of 

cottonwood and willow remain.  Generally speaking, the Southwestern willow flycatcher 

requires dense vegetation (typically Salix spp.) with the presence of surface water or 

saturated soils, whereas the yellow-billed cuckoo generally utilizes vegetation which 

includes some portion of mature Fremont cottonwood interspersed or adjacent to 

immature riparian and/or mesquite-bosque type vegetation (Johnson et al., 2007).  Some 

of the densest known populations of these species on the lower Colorado River have 

recently been observed at the Bill Williams River (Johnson et al., 2007; McCleod et al., 

2008a, 2008b), a tributary to the Colorado River that experiences periodic flooding which 

promotes recruitment of native vegetation and preservation of existing avifauna habitat 

(Shafroth et al., 1998). 
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As a result of the historic changes in land use, soils, and vegetation within 

floodplain ecosystems, Western land managers are tasked with restoring thousands of 

hectares of vegetation for re-creation of native fauna habitat.  On the lower Colorado 

River, the U.S. Bureau of Reclamation plans to revegetate at least 2,400 ha of land 

previously under agricultural use or dominated by saltcedar with the Salicaceae species 

Fremont cottonwood, Goodding’s willow, and coyote willow, to provide habitat for 

native fauna (Bureau of Reclamation, 2006). 

 

1.2.2 Standard Revegetation Practices 

Because Salicaceae species are documented to establish via vegetative 

propagation, pole planting is generally used for revegetation in arid environments.  By 

using this method the availability of water is increased by placing poles and cuttings at a 

depth which maintains high soil moisture due to groundwater proximity (FISRWG, 

1998).  Vegetative propagation is utilized as the standard method for re-vegetation by the 

U.S. Bureau of Reclamation.  Typically, Fremont cottonwood, Goodding’s willow, and 

coyote willow cuttings are collected from source trees in restoration areas.  These 

cuttings are then transferred to greenhouses for placement into soil media.  After roots 

become established, cuttings are transported to restoration sites, where they are planted 

using a mass transplanter designed for tomato plants (refer to Bureau of Reclamation, 

2007).  Rooted cuttings are generally effective in establishing native vegetation while 

minimizing saltcedar establishment.  However, it has been noted that vegetative 

propagation might result in a lack of genetic diversity within restoration sites.  The choice 
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of source trees affects genetic diversity, growth rates, and sex ratios at Salicaceae 

restoration sites (Winfield and Hughes, 2002).  Vegetative propagation results in 

relatively high restoration costs due to the need for collection, storage, and preliminary 

establishment in controlled environment (i.e. greenhouse) systems (Bureau of 

Reclamation, 2007; Iglitz and Singleton, 2008).  

 

1.2.3 Regeneration from Seed 

High-density establishment of seedlings has been observed in riparian systems 

which still experience seasonal flooding and scour, or where managed floods have been 

introduced to mimic natural flow cycles.  Dense establishment of Fremont cottonwood 

and Goodding’s willow has been observed along the Bill Williams River, a tributary of 

the lower Colorado River which has experienced seasonal flooding during the past 

decade (Shafroth et al., 1998).  Natural recruitment of native Salicaceae trees has also 

been observed following flooding in the Colorado River Delta (Nagler et al., 2005) and 

on the Rio Grande (Taylor and McDaniel, 1998; Taylor et al., 1999; Sher et al., 2002; 

Sprenger et al., 2002).  In Colorado, passive revegetation has been observed in gravel pits 

where drawdown of ponds was choreographed to coincide with periods of Salicaceae 

seed dispersal (Roelle and Gladwin, 1999; Roelle et al., 2001).  This passive regeneration 

relies on abundant native tree seed dispersal in the area and the creation of micro-climates 

which support germination and seedling growth.  Direct seeding might be considered for 

establishment of riparian vegetation in areas where native tree seedfall is lacking due to 

reduced local populations, as in Friedman and Scott (1995). 
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Direct seeding typically results in lower revegetation costs compared to vegetative 

propagation.  Schuman et al. (2005) a reduction of over 90% in the cost of native shrubs 

per plant by direct seeding compared to transplanting of nursery-grown seedlings.  

Dissanayake et al. (2008) estimated a 94% reduction in the cost of guayule (Parthenium 

argentatum), a species native to the U.S. Southwest and used for high-quality rubber 

production, using direct seeding compared to vegetative propagation and transplanting.  

Other discussions of reduction in costs resulting from direct seeding for agriculture or 

revegetation include Balandier et al. (2009) and Willoughby et al. (2004).  Therefore, it is 

likely that, if direct seeding could be implemented for Fremont cottonwood, Goodding’s 

willow, and coyote willow, the costs of large-scale riparian revegetation could be 

dramatically reduced.  Additionally, because Salicaceae species are dioeceous (i.e. 

separate male and female trees), the use of native seed would ensure that genetic 

information from multiple trees is incorporated into restoration sites. 

 

1.2.4 Salicaceae Seed Storage and Viability 

The literature generally describes viability of cottonwood and willow seed as one 

to several weeks under field conditions (Stromberg, 1993; Young and Clements, 2003).  

Very short periods of seed viability would limit the feasibility of direct seeding because 

of the narrow window available for coordination of seed collection and treatment, site 

preparation, seeding, and irrigation initiation.  Without extension of seed viability, the 

feasible scale for application of direct seeding would likely be very limited. 
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1.2.5 Salicaceae Direct Seeding 

Although passive riparian tree revegetation has been observed due to flooding 

followed by natural seed dispersal, few attempts have been made to apply direct seeding 

for revegetation of riparian areas.  The Bureau of Reclamation has implemented pilot-

scale direct seeding efforts on the lower Colorado River.  These methods have included 

manual spreading of pubescent seed, hydroseeding using a variety of mixes (mulches and 

tackifiers), and placement of seeding branches upwind of irrigated, cleared land (Bureau 

of Reclamation, 2005; Raulston, 2003).  These seeding studies were implemented on a 

range of soil types from sand to silty clay.  However, mixed results have resulted in 

inconclusive data on best practices for seed preparation and the effects of soil types, 

seeding rates, and fertilizer on the establishment and growth of key riparian species.   

Removing seed hairs from Salicaceae tree seed, which is highly-pubescent, might 

reduce translocation by wind and water following seeding.  Cleaning of seed also results 

in reduction in storage space required.  Preliminary analysis conducted during this study 

indicated that seed cleaning reduces the required storage space by more than 90%.  

However, it has been suggested that hair removal might reduce germination rates (Sher 

and Marshall, 2003).  Additionally, labor costs required for seed cleaning might offset 

economic gains of a reduction in required freezer space. 

Seeding rates should be implemented which promote high-density establishment 

of native trees while reducing the availability of sunlight and water availability for 

undesirable species such as saltcedar.  However, excessive seeding rates would, in 

addition to being cost inefficient, result in detrimental competition between native species 
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(Sher et al., 2000; Sher and Marshall, 2003), perhaps resulting in retarded growth rates 

and/or exclusion of desirable species. 

 

1.2.6 Additional Considerations 

Decreased growth rates (vigor) of seedlings are associated with long-term seed 

storage (Delouche and Caldwell, 1960).  Thus, even if seeds germinate, it is possible that 

reduced growth rates of Salicaceae tree species would be experience in re-vegetation 

areas following seed storage periods of months to years.  Reduced growth rates might 

result in decreased potential for desired species to out-compete undesirable weeds, and/or 

reduced probability of long-term tree survival. 

Soil conditions might significantly affect establishment and growth of seeding 

riparian species.  Excessive compaction reduces porosity and therefore soil aeration.  

Anaerobic conditions within soil would limit growth of seedling by limiting root-

available oxygen.  Additionally, compaction might limit root penetration, thus reducing 

the zone of soil access and the availability of water and nutrients (Kozlowski, 1999).  As 

mentioned previously, much of the area selected for revegetation on the lower Colorado 

River consists of farmland, which might be compacted in the shallow subsurface 

following regular and long-term soil compaction by farming equipment. 

Soil texture alters soil geochemistry, soil moisture retention (soil-water 

availability), and hydrologic properties (infiltration rates).  Sandy soils specifically 

provide relatively little cation exchange capacity compared to fine-textured soils and 

therefore typically do not retain mineralized (plant-available) nutrients.  Coarse-textured 
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soils, however, might result in enhanced aeration.  Higher growth of plains cottonwood 

(P. deltoides) seedlings has been observed in fine-textured soils relative to sand for one 

growing season (Sher and Marshall, 2003), but higher long-term growth rates have been 

observed in sandy soils (Sher et al., 2002).  Riparian re-vegetation on the lower Colorado 

River is occurring on a variety of soil types, from pure sands to silty clays (Raulston, 

2003).  Sites with sandy soils planned for revegetation on the lower Colorado River 

include dredged material and areas adjacent to active farmland.  Finer-grained soils are 

typically found in currently active farmland. 

Organic fertilizer has increased plant establishment and growth on highly-

disturbed lands.  Results have generally been attributed to increases in long-term plant-

available nutrients and water (Albaladejo et al., 2008; Paradelo et al., 2009; Wilden et al., 

1999; Zvomuya et al., 2008).  Due to the nature of planned restoration sites on the lower 

Colorado River (e.g. farmland, dredge material, or root-ripped saltcedar monocultures), 

organic amendments might be considered in hopes to increase the success of re-

vegetation. 

Establishment of undesired species has also been regularly observed with direct 

seeding attempts on former agricultural land (Banerjee et al., 2006; Dissanayake et al., 

2008).  On the lower Colorado River, the U.S. Bureau of Reclamation would like to limit 

the presence of saltcedar in restoration sites.  At other revegetation sites, undesirable 

weeds have included ivyleaf morning-glory (Ipomoea hederacea), which in some cases 

has overtopped trees greater than 5 m tall (Bureau of Reclamation, 2008).  At Cibola 

National Wildlife Refuge, significant undesirable plants have included Johnsongrass 
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(Sorghum halpense), Bermudagrass (Cynodon dactylon), and jungle rice (Echinochloa 

colona) (Bureau of Reclamation, 2007).  In some cases, the canopy cover of fast-growing 

native species (e.g. Colorado River hemp, Sesbania herbacea) has reduced the success of 

re-vegetation.  The use of a cover crop has been shown to reduce establishment of 

undesirable species (Balandier et al., 2009).  However, the shade intolerance of 

Salicaceae species would likely limit effectiveness of cover crops for direct seeding of 

these species. 

On the lower Colorado River, the U.S. Bureau of Reclamation plans to utilize 

existing surface irrigation infrastructure for irrigating restoration areas.  This 

infrastructure typically consists of a main irrigation ditch adjacent to fields, with one gate 

available for up to 8 ha.  Fields are typically laser-leveled.  At restoration sites, practical 

surface irrigation methods include large-scale basin, border, or furrow.  For direct 

seeding, large-scale basin irrigation would likely result in mass transport of seed to the 

side of the field furthest from the irrigation inlet.  Border irrigation might result in a 

similar scenario, although the smaller-scale of “basins” for this technique might retain 

acceptable tree spacing while increasing vegetation heterogeneity compared to furrow 

irrigation.  Furrow irrigation would likely result in some transport of seed away from the 

irrigation outlet.  However, the regularity of furrow crests would provide at least some 

portion of soil that is not inundated during irrigation events.  The result might be 

enhanced opportunity for seedling establishment on the side of furrows. 



 

 

23

CHAPTER 2: PRESENT STUDY 

2.1 Summary 

2.1.1 Phase 1: Study of Seed Preservation and Vigor 

To address concerns of seed storage and long-term viability, a study was 

implemented to analyze the effectiveness of standard seed preservation techniques in 

extending the viability of Fremont cottonwood, Goodding’s willow, and coyote willow 

seed for a time period which would allow for flexibility in the implementation of large-

scale seeding.  This study is detailed in Appendix A, a manuscript submitted to 

Ecological Restoration, and summarized as follows. 

Seed of Fremont cottonwood, Goodding’s willow, and coyote willow were 

collected from the lower Colorado River.  Seed was air-dried in the laboratory, and then 

experimental storage methods were implemented—removal of seed pubescence versus no 

cleaning, freezing versus storage at laboratory temperature, and storage with or without 

oxygen.  Additionally, establishment and growth of seed collected from the previous year 

was compared with seed collected during the current year to determine if long-term seed 

storage adversely affects seed vigor and resultant establishment and growth of these 

species.  To determine if organic amendments might help overcome potential reductions 

in seed vigor, Biosol (Biosol Organic Fertilizers, Denver, CO) was applied to the soil 

surface on half of the experimental pots. 

Results from Phase 1 indicated that Fremont cottonwood, Goodding’s willow, and 

coyote willow seed cannot be stored at room temperatures for more than two months 

without unacceptable reductions in viability.  Although this time period is constraining, it 
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is greater than the period of one to three weeks as suggested previously (Stromberg, 

1993; Young and Clements, 2003).  Frozen seed of all species generally maintained 

viability of greater than 80% for 27 months.  Seed cleaning or storage in oxygen-purged 

conditions did not result in enhanced seed preservation.  Therefore, oxygen removal is 

not required for seed storage.  Although seed cleaning did not affect viability, removal of 

seed hairs greatly reduces the storage space required.  Therefore, the cost of seed cleaning 

must be weighed against the cost of freezer storage space in order to determine if a 

potential cost benefit might be achieved from cleaning. 

Seed vigor was not affected by one year of storage in freezers, indicating that seed 

can be stored for extended periods (in freezers) prior to application at restoration sites.  

Cleaning of Goodding’s willow seed after one year of freezing resulted in reduced tree 

establishment.  It is likely that seed was exposed to excess temperatures during cleaning.  

Therefore, it is suggested that, if cleaned Salicaceae seed is desired, that cleaning be 

implemented soon after seed collection, and that seed viability be extensively tested using 

incubator viability analysis prior to seeding.  Because seed vigor was not affected by 

storage, organic fertilizer amendments are not required.  In fact, organic fertilizer 

amendments resulted in reduced tree establishment, likely due to excessive fungal growth 

and/or seed burning from fertilizer. 

 Results from Phase 1 indicate that seed viability will not limit the feasibility of 

large-scale direct seeding for Fremont cottonwood, Goodding’s willow, and coyote 

willow.  Seed of these species can be stored in freezers for a period of at least two years 
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while maintaining favorable viability.  For at least one year after storage in freezers, 

viable seed maintains similar vigor as freshly-collected seed.   

 

2.2.2 Phase 2: Seeding Studies under Controlled Conditions 

To determine the effectiveness of direct seeding in the establishment of Fremont 

cottonwood, Goodding’s willow, and coyote willow for large-scale riparian restoration, a 

factorial study in 7-gallon (26.5 l) pots was implemented in greenhouses at the University 

of Arizona’s Southwest Center for Natural Products Research and Commercialization 

(Tucson, Arizona). The effects of seed cleaning, seeding rates, soil texture, compaction, 

and addition of organic fertilizer on the establishment and growth were analyzed for the 

first growing season after seeding.  The objectives of this study were 1) to determine if 

direct seeding was effective under controlled conditions and 2) to determine favorable 

seeding and soil treatments for planned field trials on the lower Colorado River.    This 

study is detailed in Appendix B, a manuscript submitted to Ecological Restoration.  

Study methods and results are summarized as follows. 

Fremont cottonwood, Goodding’s willow, and coyote willow seed collected on 

the lower Colorado River was seeded onto soil within the pots.  Seed was either cleaned 

(i.e. pubescence removed) or un-cleaned.  Seed was placed onto either un-compacted silt 

loam topsoil, compacted-layer silt loam topsoil, or sand.  Biosol was applied to the soil 

surface on half of the experimental pots.  Three seeding rates were implemented—a total 

rate of 129, 646, or 3,229 pure live seeds (PLS) m-2, comprised of one-third each of 

Fremont cottonwood, Goodding’s willow, and coyote willow seeds.  A randomized-block 
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factorial study design was implemented (additional consideration was given to placement 

within the greenhouse) in triplicate, resulting in the study treatment matrix: Seed Type ×  

Soil Type ×  Organic Fertilizer ×  Seeding Rate +  Greenhouse Placement. 

Results from Phase 2 indicate that high-density seeding promotes establishment 

and growth of Salicaceae species during the first growing season.  Soil type, seeding rate 

and seed treatment affected plant establishment and growth and should be considered 

during site selection and habitat restoration engineering design.  Vegetation was 

comprised primarily of Salicaceae species, particularly at intermediate and high seeding 

rates.  However, Fremont cottonwood dominated at high seeding rates.  This observation, 

coupled with the corresponding high costs of using very high seeding rates for large-scale 

revegetation efforts, indicates that seeding rates greater than 646 PLS m-2 may not be 

necessary, although establishment might be anticipated to be lower for field seeding 

applications.  Additionally, superior growth rates of Fremont cottonwood over 

Goodding’s and Coyote willow suggest that either Fremont cottonwood should be seeded 

separately from the willow species, or that the proportion of Fremont cottonwood in the 

seed mix should be reduced relative to the willows to decrease the density of Fremont 

cottonwood trees.  High density establishment of non-seeded species indicates that 

volunteer species (primarily grass) might be a concern for direct seeding under field 

conditions. 
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2.1.3 Phase 3: Small-scale Field Seeding Studies 

As the final research-focused phase of the feasibility study, a field study was 

implemented at Cibola National Wildlife Refuge in Cibola, Arizona, to determine the 

effectiveness of practical field seeding and irrigation techniques for the establishment of 

native Salicaceae species.  Fremont cottonwood, Goodding’s willow, and coyote willow 

were seeded onto small-scale test plots.  This study is detailed in Appendix C, a 

manuscript submitted to Ecological Engineering.  Study methods and results are 

summarized as follows. 

Fremont cottonwood, Goodding’s willow, and coyote willow seed collected on 

the lower Colorado River was seeded onto test plots (6 m ×12 m) on a former 

agricultural field at Cibola National Wildlife Refuge.  Seed was either cleaned (i.e. 

pubescence removed) or un-cleaned, and was applied either by hydroseeding (both 

cleaned and un-cleaned seed) or broadcast seeding (cleaned seed only).  Either temporary 

germination-period sprinkler irrigation or surface irrigation only was applied to furrow or 

level, small-scale basin (i.e. border) plots.  A design seeding rate was implemented at a 

total rate of 1,345 pure live seeds (PLS) m-2, comprised of 20% of Fremont cottonwood, 

and 40% each of Goodding’s and coyote willow.  This seeding rate was implemented 

because it was assumed that establishment rates would be lower in for field applications 

than for greenhouse studies.  However, variation in the length of hydroseeding 

application resulted in seeding rates between 1,071 and 1,848 PLS m-2.  A split-block 

factorial study design was implemented based on sprinkler irrigation blocks, which 

allowed additional consideration for placement across the field, where a salinity gradient 
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was known to exist (i.e. higher salinity on the northeast portion of the field compared to 

the southeast portion).  Treatments were implemented in triplicate, and the resulting study 

matrix was as follows: Early-Time Sprinkler Irrigation  ×  Seeding Method ×  Surface 

Irrigation Method +  Plot Placement + Seeding Rate. 

During Phase 3 studies, Fremont cottonwood established and grew well during the 

first growing season.  Seeding success averaged 7% of PLS rates for this species.  

However, Goodding’s and coyote willow establishment was less than 1% of PLS rates for 

all treatments.  Non-seeded species (primarily grass and sedges) dominated biomass, and 

saltcedar density was greater than that of seeded trees.  It is likely that irrigation water 

carried the majority of the saltcedar seed that invaded the plots.   

Early-time sprinkler irrigation decreased growth rates of seeded species, but 

establishment of Fremont cottonwood was not affected.  Furrow irrigation did not affect 

Fremont cottonwood establishment.  Hydroseeding resulted in increased establishment of 

all three tree species compared to broadcast seeding (approximately doubling the 

establishment for Fremont cottonwood), and an average establishment of 9% was 

observed for all hydroseeded plots.   

Monitoring through three growing seasons indicated that, even given higher initial 

establishment of saltcedar than cottonwood, Fremont cottonwood composed the majority 

of crown cover after two growing seasons, and intense competition resulted in higher 

mortality rates for saltcedar than cottonwood.  Due to higher mortality of saltcedar, the 

density of Fremont cottonwood surpassed saltcedar after three growing seasons.   
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2.2 Conclusions and Recommendations 

Results from Phase 1 indicate that seed viability will not limit the feasibility of 

large-scale direct seeding for Fremont cottonwood, Goodding’s willow, and coyote 

willow.  Seed of these species can be stored in freezers for a period of at least two years 

while maintaining favorable viability.  For at least one year after storage in freezers, 

viable seed maintains similar vigor as freshly-collected seed.   

Results from Phase 2 indicate that direct seeding results in high establishment of 

desired riparian vegetation under controlled conditions.  Additionally, seed cleaning 

resulted in an approximate doubling of tree establishment.  Compacted and sandy soils 

resulted in reduced growth rates, although negative effects of sand on Fremont 

cottonwood growth were mitigated by the addition of organic fertilizer.  In silt loam 

topsoil, organic fertilizer did not favorably affect growth, and resulted in reduced tree 

establishment due to fungal growth and/or burning of seed.  Fremont cottonwood 

dominated at higher seeding rates, indicating that it might exclude willow if the species 

are seeded together.  Therefore, a reduction in the proportion of Fremont cottonwood 

seed would be prudent for direct seeding.  Finally, the presence of volunteer species in 

pots indicated that significant weedy growth can be expected at agricultural reclamation 

sites as utilized by the Bureau of Reclamation on the lower Colorado River. 

Results from Phase 3 indicate that a reasonable estimate for the success of 

hydroseeded Fremont cottonwood is 10%, whereas establishment of approximately 6% 

can be anticipated for broadcasting of cleaned seed.  The establishment of Goodding’s 

and coyote willow was not well documented due the poor ability of survey methods to 
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effectively characterize establishment.  However, a preliminary estimate of 1% is 

suggested for the establishment of willow from hydroseeding.  Undesired species 

establishment was very high.  Concerns are primarily (1) that grasses will out-compete 

young seedlings and result in high mortality and (2) that undesired species such as 

saltcedar will establish at unacceptably-high rates.  

Results from the current study indicate that long-term seed storage will not limit 

the feasibility of direct seeding for large-scale riparian corridor revegetation with native 

Salicaceae species.  However, additional studies are recommended to analyze potential 

benefits of supplemental seed treatments.  For example, osmo-priming has been effective 

in increasing both establishment and growth from seed for some plant species 

(Dissanayake et al., 2008).   

Greenhouse study results indicate that, under controlled conditions, native species 

establish well from seed and exhibit high growth rates.  Field studies indicate that 

Fremont cottonwood establishes well in field settings.  However, coyote willow and 

Goodding’s willow did not establish at rates comparable to those observed during 

greenhouse studies, and undesired species established in abundance.   

In general, for future seeding studies, intensive pre- and post-planting weed 

control should be implemented.  Specifically, application of a general herbicide before 

seeding and application of grass-specific herbicide after seeding are recommended.  

Additionally, if saltcedar establishment is a concern, mitigation measures should be taken 

to reduce seed contamination of irrigation water.  For the existing plots, continued long-

term monitoring would be useful to determine if Fremont cottonwood continues to out-
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compete saltcedar.  If this is the case, the high initial establishment of saltcedar might not 

be a concern. 

Larger-scale demonstration plots are recommended for Fremont cottonwood to 

determine scaling effects on direct seeding costs and vegetation establishment and 

distribution.  Because sprinkler irrigation showed neutral effects on establishment, 

negative effects on growth, and results in additional costs, temporary sprinkler systems 

are not suggested for large-scale trials.  Hydroseeding of un-cleaned seed onto furrows is 

likely to be an effective method for large-scale seeding.  However, to observe scaling 

effects, it might be useful to broadcast cleaned seed, and to compare furrows with border 

irrigation at a larger scale as well.   

These studies failed to provide reliable estimates of Goodding’s and coyote 

willow establishment from seed.  Thus, additional plots are recommended for these 

species.  For these studies, willow species should be seeded without Fremont cottonwood 

to prevent inter-specific competition within desired species.  Additionally, intensive grass 

control and irrigation management should be implemented to ensure that inter-specific 

competition and/or water stress does not result in mortality of seeded species.  If 

subsequent small-scale studies yield favorable results, demonstration plots are 

recommended for these species. 

Following large-scale trials, a realistic cost analysis can be conducted for the use 

of direct seeding versus vegetative propagation methods currently utilized.  Results from 

this analysis, coupled with considerations for preservation and enhancement of genetic 
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and structural diversity, will allow agencies to determine if direct seeding of Salicaceae 

species might be an effective restoration tool. 
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Long-Term Storage of Riparian Salicaceae Tree Seed for Direct Seeding 
Applications: Analysis of Seed Viability and Vigor 
 
Matthew R. Grabau, Michael A. Milczarek, Martin M. Karpiscak, Elizabeth Lewis, 
Barbara E. Raulston, and Gregg N. Garnett 
 
Abstract: 

On the lower Colorado River, re-vegetation of Fremont cottonwood (Populus fremontii), 

Goodding’s willow (Salix gooddingii), and coyote willow (S. exigua) is planned to 

partially restore riparian ecosystems degraded or removed by land use conversion and 

river management practices.  Current revegetation practices use propagated tree stock.  If 

direct seeding could be implemented, genetic and structural diversity could be enhanced 

at restoration sites even while reducing costs compared to vegetative propagation 

methods.  Previous work indicates that seed viability for these species may be less than 

one month, which would make coordination for large-scale seeding very difficult.  We 

implemented viability analyses to examine if experimental storage conditions (seed 

cleaning, freezing, and storing without oxygen) might extend periods of seed viability.  

Following one year of storage in freezers, we also implemented a greenhouse study to 

compare vigor of 14-month old seed to that of seed collected two months before seeding.  

Storage at 21o C temperature decreased viability after two months for all species.  Seed 

stored at sub-zero temperatures maintained viability of greater than 80% for more than 

two years.  Cleaning or storage without oxygen did not increase seed viability after two 

years of storage in freezers.  Similar vigor was found for seed collected two months prior 

to seeding and seed stored in freezers for one year.  These results indicate that seed 

viability can be extended by freezing to at least a two-year window during which seed 

can be utilized either for direct seeding or production of seedlings for outplanting. 

 
Key Words: cottonwood; re-vegetation; riparian; Salicaceae; willow. 
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Introduction 

River systems throughout the world have been dramatically altered for anthropogenic 

uses.  Following realization of the large benefits of wetlands, including flood control and 

habitat for native fauna (Mitsch and Gosselink 2000), restoration of wetlands has become 

a major objective of various land managers throughout the world.  Along the lower 

Colorado River (LCR), areas of riparian vegetation have historically been cleared to 

allow for agricultural land use.  During the 20th century, dams were constructed on the 

Colorado River from Lake Powell to the international border with Mexico.  This flow 

regulation, coupled with clearing of native vegetation and establishment of non-native 

species, has resulted in soil salinization (Glenn et al. 1998), channel narrowing and 

incision (Shafroth et al. 2002), and increased the frequency and intensity of wildfires 

(Busch 1995).       

 

To mitigate degradation of riparian ecosystems on the LCR due to current and future 

river management practices U.S. Bureau of Reclamation plans to re-vegetate 2,400 ha of 

land previously under agricultural use or dominated by saltcedar (Tamarix ramosissima), 

an introduced invasive species, with the native Salicaceae species Fremont cottonwood 

(Populus fremontii), Goodding’s willow (Salix gooddingii), and coyote willow (S. 

exigua) to provide habitat for native fauna (Bureau of Reclamation 2006). 

 

Current Riparian Habitat Restoration Practices 

Cottonwood, willow, and other Salicaceae species are often established via vegetative 

propagation, consisting of pole planting, or placement of rooted or bare cuttings.  Pole 

planting involves cutting large branches while trees are dormant, and placing them within 

the capillary fringe to increase the availability of water (FISRWG, 1998).  On the LCR, 

the U.S. Bureau of Reclamation has recently (since 2005) been propagating small 

cuttings collected from native or planted trees.  Cuttings are grown for a period of up to 

eight months within nurseries to establish roots, and then outplanted at very high 

densities (up to 1.7 m-2) at restoration areas using standard farming equipment (Bureau of 
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Reclamation, 2007).  The availability of irrigation allows the U.S. Bureau of reclamation 

to outplant even where the depth to groundwater is relatively high.   

 

Despite the effectiveness of revegetation with small cuttings, there are concerns with 

using vegetative propagation for large-scale revegetation.  Stems are taken from a limited 

number of sources trees (clones), which affect genetic diversity, growth rates, and sex 

ratios at restoration sites (Winfield and Hughes, 2002).  Additionally, vegetative 

propagation results in high costs due to the need for collection, storage, transportation, 

and preliminary establishment in controlled environment agricultural systems (Bureau of 

Reclamation, 2007).  

 

High-density establishment of seedlings has been observed in riparian systems which still 

experience seasonal flooding and scour.  For example, dense establishment of Fremont 

cottonwood and Goodding’s willow has been observed along the Bill Williams River, a 

tributary of the LCR which has experienced seasonal flooding during the past decade 

(Shafroth et al. 1998).  Natural recruitment of native Salicaceae trees has also been 

observed following flooding in the Colorado River Delta (Nagler et al. 2005) and on the 

middle Rio Grande in New Mexico (Taylor and McDaniel 1998, Taylor et al. 1999, Sher 

et al. 2002, Sprenger 2002).  In Colorado, drawdown of ponds within gravel pits has been 

choreographed to occur during periods of Salicaceae seed dispersal to foster conditions 

which support germination and seedling growth (Roelle and Gladwin 1999, Roelle et al. 

2001).  Timed application of irrigation may allow the use of direct seeding for 

establishment of riparian vegetation in areas where native tree seedfall is still abundant.  

However, where natural seedfall is lacking due to reduced local populations, direct 

seeding might be a useful revegetation tool. 

 

Direct seeding typically reduces revegetation costs compared to vegetative propagation 

and hand planting.  For example, Schuman et al. (2005) reported a reduction of over 90% 

in the cost of native shrubs per plant by direct seeding compared to outplanting of 
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nursery-grown seedlings.  Other discussions of cost reductions due to direct seeding for 

agriculture or revegetation include Dissanayake et al. (2008), Balandier et al. (2009), and 

Willoughby et al. (2004).  Therefore, it is likely that, if direct seeding can be implemented 

for the Salicaceae species, the costs of large-scale riparian habitat restoration could be 

dramatically reduced.  Additionally, because Salicaceae species are dioeceous (i.e. 

individual male and female trees), the use of native seed would ensure that genetic 

information from several trees is incorporated into restoration sites. 

 

Salicaceae Seed Viability 

The literature generally describes viability of cottonwood and willow seed as one to 

several weeks under field conditions (Stromberg 1993, Young and Clements 2003).  Very 

short periods of seed viability could preclude direct seeding because of the narrow 

window available for seed collection and treatment, site preparation, seeding, and 

irrigation.  However, studies are lacking which address the potential for long-term 

preservation of harvested seed.  To address this knowledge gap, a study was implemented 

to analyze the effectiveness of various seed preservation techniques in extending the 

viability of Fremont cottonwood, Goodding’s willow, and coyote willow seed for a two 

year period.  This time period would allow for flexibility in the implementation of large-

scale seeding.  A greenhouse study was conducted to determine if long-term storage 

adversely affects seed vigor and resultant establishment and growth. 

 

Removing pubescence from seed might reduce translocation by wind and water following 

seeding and reduce required seed storage space.  Preliminary analyses indicated that seed 

cleaning would reduce the required storage space by more than 90%.  However, it has 

been suggested that hair removal could detrimentally affect germination rates (Sher and 

Marshall 2003).  Additionally, the labor required for seed cleaning might offset the 

economic gains of a reduction in required freezer space.  Other seed storage conditions to 

consider include oxygen concentration and storage temperatures.  Oxygen reduction in 

hermetic containers and freezing of seed has been shown to increase or extend seed 
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viability in a variety of species because these conditions reduce seed metabolism (Justice 

and Bass 1978).   

 

Even if seed viability can be maintained for extended periods, it might be possible that 

direct seeding of trees would fail due to reduced growth rates of seedlings.  A common 

observation for agricultural crops is that seedlings exhibit variable rates (vigor) following 

seeding as a function of seed storage duration and conditions (Delouche and Caldwell 

1960).  Such reductions in vigor might result in decrease ability of Salicaceae trees to 

compete with volunteer species for light and soil moisture. 

 

Study Methods 

Seed viability and plant growth studies were implemented with Fremont cottonwood, 

Goodding’s willow, and coyote willow seed collected from native and planted trees on 

the LCR.  Seeds were treated and stored under ambient, freezing, oxygen and seed 

cleaning conditions (Table 1).  Periodic germination tests were conducted in incubators to 

determine viability trends over time and the effectiveness of storage treatments.  A 

greenhouse seeding study was also implemented to determine if seed stored for long 

periods might exhibit similar establishment and growth as newly-collected seed. 

 

Seed treatments which might ease seed storage requirements, increase establishment 

rates, and/or extend the viability of collected seed included: the removal of seed hairs; 

removal of oxygen from storage containers; and storage in freezers.  The study analyzed 

all combinations of treatments, resulting in a factorial study design:  Seed Cleaning ×  

Oxygen Condition ×  Storage Temperature.   

 

Seed Collection Methods  

We collected Fremont cottonwood and Goodding’s willow seed from Cibola National 

Wildlife Refuge (NWR) in Cibola, Arizona, and coyote willow seed from the Ahakhav 

Tribal Preserve in Parker, Arizona.  Seed was collected from two source trees for each 
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species which had begun actively-dispersing seed.  Seed was deemed to be ready for 

collection if it was brown in color (i.e. no green observed).  Fremont cottonwood seed 

was collected by removing branches adjacent to racemes with a pruning pole.  For 

Goodding’s and coyote willow, raceme-laden branches were pruned or racemes were 

picked from source trees by hand.  Plant waste was trimmed and seed pods were stored in 

paper bags for transport to the University of Arizona’s Southwest Center for Natural 

Products Research and Commercialization (NPC) (Tucson, Arizona).  To promote 

capsule drying and dehiscence, we seed from each paper bag was split into several bags 

and placed on laboratory benches for a period of one week. 

 

Seed Treatment Methods 

Seeds were blown through a series of soil sieves (0.85 mm, 1 mm, 0.5 mm, Newark Wire 

Cloth Company, Clifton, NJ) using compressed air to remove seed hairs.  Cleaned seed 

was collected on the bottom screen and placed into storage treatment the same day as 

cleaning.  Seed stored in ambient air conditions was placed either in paper envelopes 

(room temperature [21o C] storage) or plastic bags (frozen storage).  Frozen storage was 

at -19oC for Fremont cottonwood, and at -10oC for Goodding’s and coyote willow per 

recommendations from the US Department of Agriculture National Seed Storage 

Laboratory (Didericksen, Biological Science Laboratory Technician, January 9, 2005, 

personal communication).  Seed subject to oxygen removal was placed into glass vials 

with a septum cap (VW60810-1232 vial with VW73804A8425 septum cap, VWR 

International, West Chester, PA), and three cycles of air evacuation and nitrogen gas 

injection were implemented.  Enough seed was placed in each vial, envelope, or plastic 

bag for one viability test. 

 

Viability Determination 

We determined the viability of stored seed via incubator germination tests.  Seeds from 

each source tree and treatment were placed between moist paper towels and placed in an 

incubator (VWR Economy Incubator CSA1500E, VWR International, West Chester, 
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PA).  De-ionized water was sprayed daily on each paper towel to maintain an optimal 

environment for germination.  To prevent drying of willow seeds, which are much 

smaller than those of Fremont cottonwood, paper towels with these species were placed 

within plastic Petri dishes in the incubator to retain moisture.  We used two incubators, 

one set at 19oC for Fremont cottonwood, and one set at 27oC for both willow species, to 

provide optimal germination temperatures (Baskin and Baskin 1998).  After a minimum 

of three days, we observed seeds beneath a magnifying glass for the emergence of 

cotyledons which indicated a positive result. 

 

Following one week of air drying on laboratory benches (21o C), and prior to initiation of 

cleaning, freezing, or oxygen removal treatments, a germination test was conducted to 

determine initial viability.  Following implementation of storage treatments, we 

conducted germination trials approximately every two weeks.  However, following 

observations of maintained viability, the time between germination trials was increased 

so that germination trials could be conducted for two years given the amount of seed in 

storage.  Due to low viability observed for room temperature storage after nineteen 

weeks, we discontinued testing of this seed thereafter. 

 

Greenhouse Test Pot Study 

To determine the potential for variability in seed vigor following one year of storage, we 

implemented a randomized block 7-gallon (26.5 l) test pot study at the NPC to test the 

effects of seed storage and seed cleaning on tree establishment and growth in soil 

excavated from a retired agricultural field on the LCR.  In addition, an organic fertilizer 

was added to half of the pots to determine if fertilizer amendments would increase plant 

growth rates, and therefore overcome potential decreases in seed vigor that might occur 

following long-term storage. 

   

A total seeding rate of 645 pure live seeds (PLS) m-2, approximately 215 PLS m-2 each of 

Fremont cottonwood, Goodding’s willow, and coyote willow was applied.  This seeding 
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rate was previously observed to result in high establishment of all three species when 

seeded together (GeoSystems Analysis, Inc. 2007).  Biosol (Biosol Organic Fertilizers, 

Denver, CO) was added at a rate of either 0 Mg ha-1 or 1.68 Mg ha-1, as suggested for 

application on disturbed soils (Tom Bowman 2006, Rocky Mountain Bio Products, 

Denver, Colorado, personal communication) and as observed during previous studies to 

increase growth rates of seeded Salicaceae species in nutrient-deficient soils 

(GeoSystems Analysis, Inc. 2007)  Biosol consists of sterilized Pennicilium fungal 

biomass with added Nitrogen (N), Phosphorus (P), and Potassium (K) at 7-2-3.     

   

The study analyzed all combinations of treatments were analyzed in triplicate, with 

additional consideration for placement within the greenhouse (i.e. one replicate for each 

treatment combination was placed within greenhouse block 1, 2, and 3).  The resulting 

study treatment matrix was Seed Collection Year ×  Seed Type ×  Organic Fertilizer +  

Greenhouse Placement (Table 2). 

 

Cottonwood and willow seed were collected from native and planted trees during April 

2006, and March and April 2007.  The seed was stored un-cleaned in freezers until the 

day of planting.  PLS rates were determined from incubator study results conducted the 

previous week (only un-cleaned seed was used for incubator viability analysis).  The 

analysis determined the appropriate number of seeds to place in each pot such that the 

resulting pure live seed rates were similar for year-old and freshly collected seed.  On the 

day of planting, seed was removed from freezers.  Seed for the cleaned seed treatments 

were cleaned in a Wiley mill (Model #2 and Model #4, Arthur H. Thomas Company, 

Philadelphia, PA) with subsequent separation of seed from debris with a #25 sieve 

(Newark Wire Cloth Company, Newark, NJ).  Final cleaning was accomplished with an 

air-screen machine (Model D, E.L. Erickson Products, Brookings, South Dakota).  We 

counted seed by hand for each pot, and placed in an envelope labeled with the appropriate 

pot number.   
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Planting took place on June 1, 2007, during the typical period of seed dispersal on the 

LCR, and irrigation was initiated immediately.  Thereafter, test pots were irrigated twice 

per day until ponding was observed in pots.  Trees were allowed to grow for a period of 

approximately four months.  Between October 3 and October 8, 2007, all trees were 

clipped from pots at the soil surface, counted, individually measured for height, dried in a 

heated drying room, and weighed.  A linear analysis of variance (ANOVA) was used to 

determine the effects of implemented treatments on establishment and growth rates for 

one growing season. 

 

Results 

Seed Storage Analysis 

Figure 1 shows that, except for un-cleaned seed with oxygen removed, viability for both 

cleaned and un-cleaned seed stored at room temperature was lost between 8 to 12 weeks.  

Oxygen removal extended the viability of un-cleaned seed at room temperature from 7 to 

17 weeks.  Germination results in Figure 2 show that freezing seed generally resulted in 

viability of over 80% throughout the two-year study period.  Seed cleaning generally did 

not result in differences in seed viability.  However, oxygen removal adversely affected 

cleaned seed under both frozen (viability as low as 43% at end of study) and room 

temperature storage (no viability after three weeks of storage).  Oxygen removal did not 

result in increased viability for any of the un-cleaned, frozen Fremont cottonwood seed 

germination trials. 

 

Figure 3 shows that viability of cleaned and un-cleaned seed stored at room temperature 

was lost after 12 weeks.  Figure 4 shows that freezing seed resulted in viability of over 

80% for the two-year study period.  Oxygen removal did not extend the viability of seed 

stored at freezing or room temperatures during any of the coyote willow germination 

trials.  Seed cleaning also did not generally result in differences in seed viability.   
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Figure 5 shows that viability of cleaned and un-cleaned seed stored at room temperature 

was lost after approximately twelve weeks.  Figure 6 shows that freezing of seed 

generally resulted in viability of over 80% for the entire two-year study period.  Oxygen 

removal extended the viability of un-cleaned seed stored at room temperature until fifteen 

weeks, but all viability was lost at seventeen weeks.  Cleaning generally did not result in 

differences in seed viability.  Oxygen removal did not result in increased viability for 

frozen Goodding’s willow during any of the germination trials. 

 

Seed germination results for all species and treatments are shown in Table 3 at one 

month, three months, and one and two year storage time intervals, which represent the 

time from seed collection to when direct seeding would most likely be implemented.  

Seed viability for ambient temperature storage was essentially zero for all species by 

three months.  Viability of over 80% was observed for frozen Fremont cottonwood, 

Goodding’s willow, and coyote willow for both of these germination trials.  Oxygen 

removal did not increase seed viability of any of these species for these germination trials 

at P=0.05.  Cleaning of Fremont cottonwood seed resulted in decreased viability, whereas 

cleaning of Goodding’s and coyote willow seed did not affect viability. 

 

Test Pot Study 

ANOVA results for the seven-gallon pot studies are provided in Table 4.  Seed cleaning 

resulted in increased tree establishment and biomass of Fremont cottonwood and coyote 

willow compared to un-cleaned seed by up to 300%.  With the exception of cleaned, year 

old Goodding’s willow seed, seed storage duration did not result in decreased tree 

establishment or plant growth at P=0.05 (dry plant biomass) (Table 4).  Significant 

reductions in tree establishment (stem counts) and biomass production were observed for 

cleaned year-old Goodding’s willow seed compared to the fresh seed and un-cleaned 

seed.  The interaction (seed cleaning by seed storage) is shown in Table 5.  Cleaned fresh 

(two months of freezer storage) Goodding’s willow seed resulted in higher stem counts 

compared to un-cleaned seed from the same collection time.  Un-cleaned year old 
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Goodding’s willow seed resulted in higher dry biomass compared to fresh un-cleaned 

seed (Table 5).  Establishment was similar for un-cleaned seed between years (Table 5).  

Biosol addition did not result in increased growth rates and reduced riparian tree 

establishment.  Biomass reductions observed in organic amended test pots are due to 

decreased stem counts (Table 4). 

 

Conclusions and Discussion 

Viability of Fremont cottonwood, Goodding’s willow, and coyote willow seed stored at 

room temperatures is limited to less than two months.  However, storage at -19oC for 

Fremont cottonwood, and at -10oC for Goodding’s and Coyote willow resulted in high 

seed viability for over two years.  No benefits to seed viability were shown from oxygen 

removal or seed cleaning.  Therefore, seed cleaning prior to storage is only useful to 

reduce storage space and/or freezer constraints.  If storage space is not a constraint, seed 

can effectively be stored un-cleaned.  Although un-cleaned storage would increase 

storage costs, it would reduce seed processing labor costs.  Suitable large-scale seeding 

methods might also dictate whether seed cleaning is required.  For example, cleaned seed 

would be required for broadcast seeding, whereas either cleaned or un-cleaned seed could 

be applied with hydroseeding equipment.  Because oxygen removal from storage 

containers is not beneficial and would result in additional costs, oxygen removal is not 

recommended for seed storage for these species. 

 

Plant establishment and growth (seed vigor) was not significantly reduced after one year 

of storage in freezers.  Therefore, it is likely that seed can be stored in freezers for at least 

one year prior to direct seeding.  Seed cleaning after one year of storage in freezers 

resulted in reductions in the viability of Goodding’s willow, likely due to heat exposure 

during seed cleaning.  Consequently, seed cleaning is recommended to occur soon after 

collection, and seed viability should be confirmed with viability testing after seed is 

cleaned.  Addition of Biosol resulted in decreased tree establishment, likely due to 

fertilizer burning or enhanced fungal growth at the soil surface. 
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Longer-term analyses of seedling growth rates (after several years of frozen storage) 

should be implemented to confirm maintained seed vigor.  Additional studies are 

recommended for Salicaceae species desired for restoration in other regions.  For 

example, it is likely that plains cottonwood (Populus deltoides) can be similarly stored 

while maintaining seed viability and vigor.  Additional seed storage research for these 

species should include determination of seed moisture conditions on long-term viability, 

as optimal storage temperatures might depend on moisture content (Justice and Bass, 

1978).   

 

Study results indicate that seed of Fremont cottonwood, Goodding’s willow, and coyote 

willow can be stored for up to two years using standard freezing methods.  Additionally, 

seed stored for one year exhibited similar viability to freshly-collected seed.  Therefore, 

seed viability is likely not a limitation to direct seeding of Salicaceae species in riparian 

habitat restoration. 
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Tables 

Table 1.  Seed storage treatments implemented for Salicaceae species Fremont 
cottonwood, Goodding's willow, and coyote willow. 

Variable Treatment Specifications 

Cleaned 
Seed removed from pods, blown through a sieve 
series using compressed air to remove 
pubescence. Seed Cleaning 

Un-Cleaned Seed removed from pods, stored with 
pubescence still attached. 

Oxygen 
Purged 

Oxygen removed via air purging with a vacuum 
and replacement with nitrogen gas.  Seed stored 
in glass vials. Oxygen 

Condition 
Ambient 

Seed stored at ambient oxygen.  Seed stored in 
envelopes (ambient temperature) or plastic bags 
(frozen). 

Frozen 
Seed stored in freezers at -10oC (Goodding’s 
willow and coyote willow) or -19oC (Fremont 
cottonwood). Storage 

Temperature 
Ambient Seed stored in the laboratory at an average 

temperature of 21oC (thermostat-controlled). 
 
Table 2.  Salicaceae 7-gallon pot study specifications. 

Variable Treatment Specifications 

2007 Seed collected during March and April 2007 
(approximately two months before seeding). Seed Collection 

Year 
2006 Seed collected during March and April 2006 

(approximately 14 months before seeding). 

Cleaned Pubescence removed from seed coats using 
Wiley Mill. Seed Type 

Un-cleaned Pubescence not removed from seed coats. 

0 Mg ha-1 Biosol organic fertilizer not applied. 
Organic Fertilizer 

1.68 Mg ha-1 Biosol organic fertilizer applied at a nominal rate 
of 1.68 Mg ha-1. 

Block 1 Repetition 1, closest to evaporative cooling 
pads. 

Block 2 Repetition 2, middle of the greenhouse. Greenhouse 
Placement 

Block 3 Repetition 3, furthest from evaporative cooling 
pads. 
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Table 3.  Incubator-determined viability for Fremont cottonwood, coyote willow, and 
Goodding’s willow subject to experimental seed storage treatments, frozen seed results at 
various time intervals after seed collection. 

Seeding Date 6/4/2007 7/9/2008 
Weeks of Storage 58 115 

Species Treatment % Seed Viability (n)1 

Cleaned, Oxygen Purged 76 (83) C 43 (67) C 

Cleaned, Ambient Oxygen 88 (76) B 87 (30) B 

Un-Cleaned, Oxygen Purged 98 (112) A 97 (61) A 
Fremont 

Cottonwood 

Un-Cleaned, Ambient Oxygen 100 (75) A 95 (61) AB 

Cleaned, Oxygen Purged 87 (60) B 90 (67) A 
Cleaned, Ambient Oxygen 85 (54) B 91 (65) A 

Un-Cleaned, Oxygen Purged 80 (49) B 81 (63) A 
Coyote 
Willow 

Un-Cleaned, Ambient Oxygen 97 (73) A 89 (64) A 

Cleaned, Oxygen Purged 92 (64) A 92 (39) A 

Cleaned, Ambient Oxygen 85 (73) A 87 (67) A 

Un-Cleaned, Oxygen Purged 83 (59) A 86 (64) A 
Goodding's 

Willow 

Un-Cleaned, Ambient Oxygen 85 (65) A 80 (15) A 
1 Letters indicate significant differences between storage treatments (within species only) at α=0.05. 
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Table 4.  Linear ANOVA modeling results for test pot study of fourteen-month old 
frozen Salicaceae tree seed compared to freshly-collected (two-month old).  Tests were 
run using JMP V7.0.1 (SAS Institute, Inc., Cary, North Carolina). 

Stems m-2 
Dry Above-Ground 

Biomass, g m-2 
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Main Effects p Values 
Seed Collection Year 0.191 <0.0001 0.092 0.677 0.812 0.846 

Seed Type <0.0001 0.04 0.0002 <.0001 0.02 0.008 

Organic Fertilizer <0.0001 <0.0001 <0.0001 0.014 0.009 0.029 

Greenhouse Block 0.928 0.414 0.589 0.24 0.186 0.506 

Interactions p Values 

Seed Type*Seed Collection Year 0.423 <0.0001 0.047 0.35 0.005 0.248 

Seed Type*Organic Fertilizer 0.002 0.04 0.024 0.324 0.621 0.589 

Organic Fertilizer*Seed Collection Year 0.787 <0.0001 0.092 0.833 0.216 0.986 

Seed Type*Organic Fertilizer*Seed Collection Year 1 0.0005 0.047 0.717 0.275 0.189 

Seed Collection Year Means and Significant Differences* 

2007 96.9 A 58.3 A 30.5 A 132.5 A 11.09 A 2.35 A 

2006 78.9 A 27.8 B 48.4 A 144.8 A 10.29 A 2.17 A 

Seed Type             
Cleaned 139.9 A 36.8 B 64.6 A 219.8 A 6.26 B 3.67 A 

Un-cleaned 35.8 B 49.3 A 14.3 B 57.5 B 15.18 A 0.85 B 

Organic Fertilizer             
0 Mg ha-1 125.6 A 68.1 A 66.4 A 179.1 A 15.82 A 3.37 A 

1.68 Mg ha-1 50.3 B 18 B 12.6 B 98.2 B 5.56 A 1.16 B 

Greenhouse Placement             
Block 1 91.5 A 45.7 A 32.3 A 105.5 A 15.39 A 2.15 A 

Block 2 86.1 A 45.7 A 41.8 A 142.4 A 9.13 A 1.66 A 

Block 3 86.1 A 37.7 A 44.5 A 168.0 A 7.67 A 2.97 A 
*Numbers denote least-squared means, letters denote significant differences at p=0.05 within each main effect column 
according to Least-squared Means Differences Student's t-test. 
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Table 5.  Linear ANOVA modeling results for seed type ×  seed collection year 
interactions for greenhouse study of previous year (fourteen-month old), frozen 
Goodding’s willow tree seed compared to freshly-collected (two-month old) seed.  Tests 
were run using JMP V7.0.1 (SAS Institute, Inc., Cary, North Carolina). 

Seed Type 
Seed 

Collection 
Year 

Goodding's 
Willow Stems 

m-2 * 

Dry Above-
Ground 

Biomass, g m-2 
Un-Cleaned 2006 53.8 B 20.5 A 
Un-Cleaned 2007 44.8 B 9.87 BC 

Cleaned 2006 1.79 C 0.14 C 
Cleaned 2007 71.8 A 12.4 AB 

*Numbers denote least-squared means, letters denote significant differences at p=0.05 within each main effect column 
according to Least-squared Means Differences Student's t-test.   
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Figure 1.  Fremont cottonwood seed viability versus time for laboratory-temperature 
storage treatments.  Treatment codes are as follows:  1) laboratory temperature, cleaned, 
oxygen purged; 2) laboratory temperature, cleaned, ambient oxygen; 3) laboratory 
temperature, un-cleaned, oxygen purged; 4) laboratory temperature, un-cleaned, ambient 
oxygen. 
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Figure 2.  Fremont cottonwood seed viability versus time for freezer storage treatments.  
Treatment codes are as follows:  5) -19oC, cleaned, oxygen purged; 6) -19oC, cleaned, 
ambient oxygen; 7) -19oC, un-cleaned, oxygen purged; 8) -19oC, un-cleaned, ambient 
oxygen. 
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Figure 3.  Coyote willow seed viability versus time for laboratory-temperature storage 
treatments.  Treatment codes are as follows:  1) laboratory temperature, cleaned, oxygen 
purged; 2) laboratory temperature, cleaned, ambient oxygen; 3) laboratory temperature, 
un-cleaned, oxygen purged; 4) laboratory temperature, un-cleaned, ambient oxygen. 
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Figure 4.  Coyote willow seed viability versus time for freezer storage treatments.  
Treatment codes are as follows:  5) -10oC, cleaned, oxygen purged; 6) -10oC, cleaned, 
ambient oxygen; 7) -10oC, un-cleaned, oxygen purged; 8) -10oC, un-cleaned, ambient 
oxygen. 
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Figure 5.  Goodding’s willow seed viability versus time for laboratory-temperature 
storage treatments.  Treatment codes are as follows:  1) laboratory temperature, cleaned, 
oxygen purged; 2) laboratory temperature, cleaned, ambient oxygen; 3) laboratory 
temperature, un-cleaned, oxygen purged; 4) laboratory temperature, un-cleaned, ambient 
oxygen. 
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Figure 6.  Goodding’s willow seed viability versus time for freezer storage treatments.  
Treatment codes are as follows:  5) -10oC, cleaned, oxygen purged; 6) -10oC, cleaned, 
ambient oxygen; 7) -10oC, un-cleaned, oxygen purged; 8) -10oC, un-cleaned, ambient 
oxygen.  
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APPENDIX B: MANUSCRIPT NO. 2 
Submitted to Ecological Restoration 

 
Enhancing Riparian Tree Revegetation Using Direct Seeding: Greenhouse Study of 
Seeding Treatments and Soil Conditions 
 
Matthew R. Grabau, Michael A. Milczarek, Martin M. Karpiscak, Elizabeth Lewis, 
Barbara E. Raulston, and Gregg N. Garnett 
 
Abstract: 
A greenhouse study was implemented to determine the effectiveness of direct seeding of 

Fremont cottonwood (Populus fremontii), Goodding’s willow (Salix gooddingii), and 

coyote willow (S. exigua) for revegetation of riparian ecosystems.  We analyzed the 

effects of seed cleaning, soil type, organic fertilizer amendments, and seeding rates on 

tree establishment and growth for one growing season.  Soil types consisted of silt loam 

topsoil, silt loam topsoil with a subsurface compacted layer, or pure sand.  Organic 

fertilizer amendment consisted of Biosol organic fertilizer at 1.68 Mg ha-1 or no Biosol.  

Applied seeding rates were 129, 646, or 3,229 pure live seeds m-2 to cover a range of 

feasible direct seeding rates.  Seed cleaning resulted in an approximate doubling of tree 

establishment.  Fremont cottonwood and Goodding’s willow establishment was 

unaffected by soil type, whereas coyote willow establishment increased in compacted-

layer topsoil.  Cottonwood growth rates were reduced in sand and compacted-layer 

topsoil compared to un-compacted topsoil.  Goodding’s and coyote willow growth rates 

were similar between un-compacted topsoil and compacted-layer topsoil, but were 

reduced in sand.  Organic fertilizer amendment increased Fremont cottonwood growth 

rates in sand, but did not increase willow growth rates.  Higher seeding rates increased 

tree establishment, but Fremont cottonwood dominated biomass at higher seeding rates, 

indicating that reduced rates, or separate seeding of this species might be required to 

improve willow species success for large-scale revegetation.  High establishment and 

growth of seeded tree species suggests that direct seeding might be a feasible alternative 

to vegetative propagation for large-scale revegetation. 
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Key Words: cottonwood; Populus; revegetation; riparian; Salix. 
 
Introduction 

Due to historic anthropogenic destruction of wetlands, a large worldwide push is 

underway to restore or revegetate associated ecosystems.  A frequent objective of 

floodplain restoration is to revegetate the historic riparian corridor with woody species, 

which provide flood control and habitat for a wide range of species (Mitsch and 

Gosselink 2000).  Western U.S. land managers are tasked with restoring thousands of 

hectares of vegetation along streams, where flow regulation, clearing of native 

vegetation, grazing, and establishment of non-native species have resulted in soil 

salinization (Glenn et al. 1998), channel narrowing and incision (Shafroth et al. 2002), 

and increased the frequency and intensity of wildfires (Busch 1995).  To mitigate the 

negative effects of river management practices on riparian ecosystems along the lower 

Colorado River (LCR), the U.S. Bureau of Reclamation plans to re-vegetate at least 2,400 

ha of land previously under agricultural use or dominated by saltcedar (Tamarix 

ramosissima) with the Salicaceae species Fremont cottonwood (Populus fremontii, FC), 

Goodding’s willow (Salix gooddingii, GW), and coyote willow (S. exigua, CW) to 

provide habitat for native fauna (Bureau of Reclamation 2006). 

 

Vegetative propagation is currently utilized as the standard method for Salicaceae species 

restoration by land managers throughout the world.  Although outplanting of 

vegetatively-propagated Salicaceae trees is reliable for re-vegetating riparian systems 

(Bureau of Reclamation 2007), genetic diversity within restoration sites is limited to the 

stock from which cuttings were taken (Winfield and Hughes 2002).  Additionally, 

vegetative propagation results in high costs due to the need for collection, storage, and 

preliminary establishment in greenhouse systems (Bureau of Reclamation 2007).   

 

High-density establishment of seedlings has been observed in riparian systems along the 

LCR which still experience seasonal flooding and scour.  For example, dense 

establishment of FC and GW has been observed along the Bill Williams River, a tributary 
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of the Colorado River which has experienced seasonal flooding during the past decade 

(Shafroth et al. 1998).  Natural recruitment of native Salicaceae trees has also been 

observed following flooding in the Colorado River Delta (Nagler et al. 2005).   

 

Previous direct seeding efforts on the LCR include manual spreading of pubescent seed, 

hydroseeding using a variety of mixes (mulches and tackifiers), and placement of seeding 

branches upwind of irrigated, cleared land (Bureau of Reclamation 2005, Raulston 2003).  

These seeding studies were implemented on a range of soil types from sand to silty clay.  

However, due to a lack of a scientific, replicated approach, these studies were 

inconclusive on best practices for seed preparation and the effects of soil types, seeding 

rates, and fertilizer on the establishment and growth of key riparian species.   

 

Removing hairs from pubescent seed might reduce translocation by wind and water 

following planting.  Preliminary analysis conducted during this study indicated that seed 

cleaning reduces the required storage space by more than 90%.  However, it has been 

suggested that hair removal might reduce germination rates (Sher and Marshall 2003).  

Increased labor costs required for cleaning might offset economic gains of a reduction in 

required freezer space.   

 

Soil compaction reduces porosity and soil aeration, and decreases growth of seedlings by 

limiting root-available oxygen.  Physiological responses (i.e. reduced root penetration) in 

plants result in decreased availability of water and nutrients (Kozlowski 1999).  Many of 

the planned restoration areas on the LCR are currently farmed.  Depending on farming 

practices, compaction of the shallow subsurface might be expected following decades of 

farming.   

 

Soil texture alters soil geochemistry, soil moisture retention characteristics (soil-water 

availability), and hydrologic properties (infiltration rates).  Sandy soils specifically 

provide relatively little cation exchange capacity compared to fine-textured soils (e.g. silt 
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loam) and therefore do not retain mineralized (plant-available) nutrients.  However, 

coarse-textured soils might result in enhanced aeration.  Sher and Marshall (2003) 

observed higher growth of plains cottonwood (P. deltoides) seedlings in fine-textured 

soils relative to sand for one growing season, but greater long-term growth rates have 

been observed in sandy soils (Sher et al. 2002).  Cottonwood-willow revegetation along 

the LCR and other rivers will take place on a variety of soil types.  Sandy soils planned 

for revegetation on the LCR include dredged material and sandy areas adjacent to active 

farmland, whereas current agriculture is predominantly on finer-textured soils. 

 

Organic fertilizers have been shown to increase plant establishment and growth on 

highly-disturbed lands due to increases in long-term plant-available nutrients and water 

(Albaladejo et al. 2008, Paradelo et al. 2009, Wilden et al. 1999, Zvomuya et al. 2008).  

Additionally, higher nutrient concentrations (N and P, specifically) have been observed to 

increase above and below-ground growth of riparian Salicaceae species (Marler et al. 

2001).  Because revegetation on the LCR will occur on highly-disturbed soils with 

variable levels of plant-available nutrients, organic amendments might be beneficial for a 

subset of revegetation areas. 

 

Seeding rates should be implemented which promote high-density establishment of native 

trees while reducing the availability of sunlight and water availability for undesirable 

species such as saltcedar.  Very high native Salicaceae seedling densities (i.e. greater than 

30,000 m-2) have been observed following flood events, which have resulted in native 

species dominance for several years (Raulston, 2006, U.S. Bureau of Reclamation, 

personal communication).  However, excessive seeding rates would, in addition to being 

cost inefficient, result in detrimental competition between native species (Sher et al. 

2000, Sher and Marshall 2003), perhaps resulting in retarded growth rates and/or 

exclusion of desirable species  For rangeland revegetation, seeded grasses have been 

shown to out-compete undesired weeds when seeded at high rates (Velagala et al., 1997). 
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Despite pressing needs for large-scale revegetation of riparian tree communities, several 

key knowledge gaps exist regarding the potential efficacy of direct seeding.  As part of a 

step-wise analysis of the feasibility of direct seeding native Salicaceae trees, we 

implemented a factorial greenhouse study in pots to analyze the effects of seed cleaning, 

seeding rates, soil texture, the presence of a subsurface compacted layer, and addition of 

organic fertilizer on the establishment and growth for one growing season.  The 

objectives of this study were 1) to determine if direct seeding was effective under 

controlled conditions and 2) to determine favorable seeding and soil treatments for 

planned field trials on the LCR. 

 

Study Methods 

To determine the establishment and growth of FC, GW, and CW from seed under 

controlled greenhouse conditions, we seeded these species in 7-gallon (26.5 l) pots 

(surface area of approximately 930 cm2) and determined tree establishment and growth 

for one growing season.  All seed used for the study was collected from naturally-

established and planted trees on the LCR.   

 

Experimental Design 

We implemented a factorial design to determine the effects of seed cleaning (cleaned 

versus un-cleaned), soil type (sand versus topsoil versus topsoil with a compacted 

subsurface layer), organic fertilizer (fertilizer versus no fertilizer), and seeding rates (1× , 

5× , 25× ) on seedling establishment and growth.  All treatment combinations were 

analyzed in triplicate, with additional consideration for placement (i.e. temperature and 

relative humidity) within the greenhouse.  One replicate for each treatment combination 

was placed within greenhouse Block 1, 2, and 3, which each encompassed one third of 

the greenhouse (i.e. Block 1 was closest to evaporative cooling pads, Block 3 was 

furthest (closest to exhaust fans), and Block 2 was in the center).  Treatment detail is 

provided in Table 1.  The resulting study treatment matrix was Seed Type ×  Soil Type ×  

Organic Fertilizer ×  Seeding Rate +  Greenhouse Placement. 
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Silt loam topsoil was excavated from an actively farmed field at Cibola National Wildlife 

Refuge (NWR) and transported to the University of Arizona’s Southwest Center for 

Natural Products Research and Commercialization at Tucson, Arizona, for utilization in 

the study.  The soil was sieved through a 10 mm screen to break up soil aggregates and 

remove large plant waste, and then re-packed within test pots according to the following 

procedure.  “Un-compacted” topsoil was placed to a depth of 23.6 cm (typical bulk 

density of 1.25 g cm-3);  “compacted-layer topsoil” consisted of 11.8 cm of topsoil 

compacted to approximately 1.45 g cm-3 beneath 11.8 cm of un-compacted topsoil.  The 

compacted layer topsoil treatment approximated 90% of the optimum moisture 

content/maximum density (Proctor) relationship of 1.60 g cm-3.  To determine the 

potential effects of an inorganic soil on tree establishment and growth, “sandy soil” 

consisting of “mortar sand” (Pioneer Landscaping Materials, Tucson, Arizona) was 

utilized as a third soil type.  Sand was placed to a depth of 23.6 cm (typical bulk density 

of 1.55 g cm-3). 

 

Biosol (Biosol Organic Fertilizers, Denver, CO) was added at either 0 Mg ha-1 (control) 

or 1.68 Mg ha-1, as suggested for application on disturbed soils (Tom Bowman 2006, 

Rocky Mountain Bio Products, Denver, Colorado, personal communication).  Biosol 

consists of sterilized Pennicilium fungal biomass with added Nitrogen (as percent N), 

Phosphorus (as percent P2O5), and Potassium (as percent K2O) at 7-2-3.  The objective of 

this treatment was to determine if organic fertilizer amendments might increase tree 

growth rates or overcome potential growth restriction as a result of soil compaction or 

sandy texture. 

 

The goal of the seeding rate treatment was to examine seeding rates potentially capable of 

out-competing undesirable species while maintaining high growth rates and species 

diversity.  Typical rangeland-revegetation type seeding rates are around 46 seeds foot-2 

(Velagala et al. 1997), or approximately 500 seeds m-2.  To analyze a range of potential 
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field seeding rates above and below typical rangeland seeding rates, we seeded at a total 

rate of 129, 646, or 3,229 pure live seeds (PLS) m-2 (i.e. 12, 60, and 300 PLS ft-2) 

comprised of one-third each of FC, GW, and CW seeds.   

 

Seed Collection and Preparation 

We collected FC, GW, and CW seed from Cibola National Wildlife Refuge (NWR) in 

Cibola, Arizona, the ‘Ahakhav Tribal Preserve in Parker, Arizona, and at the confluence 

of Mineral Wash and the Bill Williams River (Bill Williams River NWR), approximately 

30 km northeast of Parker, Arizona.  Seed was collected from source trees for each 

species which had begun actively-dispersing seed.  Seed was deemed to be ready for 

collection if it was brown in color (i.e. no green observed).  FC seed was collected by 

removing branches adjacent to racemes with a pruning pole.  For Goodding’s and CW, 

raceme-laden branches were pruned or racemes were picked from source trees by hand.    

Plant waste was trimmed and seed pods were stored in paper bags for transport to the 

University of Arizona’s Southwest Center for Natural Products Research and 

Commercialization in Tucson, Arizona.  To promote seed capsule drying and dehiscence, 

we split seed from each paper bag into several bags and placed them on laboratory 

benches for a period of one week for air drying at 21o C.  After drying, seed was 

manually separated from plant waste, and placed in plastic bags for freezer storage.  

Freezer temperature was maintained at -10oC (GW and CW) or -19oC (FC) per 

recommendations from the US Department of Agriculture National Seed Storage 

Laboratory (Didericksen, Biological Science Laboratory Technician, January 9, 2005, 

personal communication).  

 

To remove seed pubescence for the “cleaned seed” treatment, seeds were pushed through 

a series of soil sieves using compressed air (following Sher and Marshall 2003).  Cleaned 

seed was collected on the bottom screen.   
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To determine viability for collected seed, a minimum of 50 seeds of each species was 

placed in an incubator within moist paper towels.  Following a minimum of three days, 

the proportion of seed with emergent cotyledons was determined.  Seed was spread 

evenly across each pot and lightly pressed onto the soil surface.  Planting occurred on 

May 18, 2006, during the typical period of seed dispersal on the LCR (Bureau of 

Reclamation 2005), and irrigation was initiated immediately.  Thereafter, “un-compacted 

topsoil” pots were irrigated twice per day until ponding was observed; “compacted-layer 

topsoil” pots were irrigated once per day until ponding was observed; and “sandy soil” 

pots were irrigated three times per day until ponding was observed.   

 

Bermudagrass (Cynodon dactylon) emerged in all soil pots within days of irrigation 

initiation from the existing seedbank and vegetative propagation from plant fragments.  

Grass-specific herbicide (Select® EC Herbicide, Arysta LifeScience North America 

Corporation, Cary, NC) was applied via spraying from a backpack tank.  For consistency 

across treatments, sand pots were sprayed with herbicide as well, even though grass did 

not emerge in these pots.   

 

Emergent trees were grown for a period of approximately four months.  Between 

September 25 and 27, 2006, all trees were clipped from pots at the soil surface, counted, 

measured, and dried in a heated drying room.  Volunteer (i.e. non-seeded) species were 

combined for analysis of biomass. Additionally, all soil was removed from pots to 

determine the total root biomass (no separation of species) and to qualitatively observe 

root growth.  A linear analysis of variance (ANOVA) was utilized (JMP 7.0.1, SAS 

Institute, Inc., Cary, North Carolina) to determine the effects of implemented treatments 

on establishment and growth rates for one growing season. 

 

Results 

ANOVA results for the different treatments are provided in Table 2, with significant 

differences indicated at P=0.05.  It should be noted that some leaf burning occurred for 
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seeded trees, likely due to excessive concentration of surfactant in the grass-specific 

herbicide applied to control grass growth.  However, the leaf burning caused limited 

mortality of seeded species  A lack of statistical power for the willow species was 

observed due to absence of willows in many pots (primarily at the 129 PLS m-2 seeding 

rate).  Non-seeded species, primarily various grasses and sedges, were abundant in pots.  

The effects of implemented study treatments are discussed as follows. 

 

Soil Type 

Due to increased CW stem density, the compacted-layer topsoil treatment resulted in 

increased combined Salicaceae tree establishment.  Establishment effects between soil 

types were not observed for FC or GW.  Grouped Salicaceae biomass significantly 

decreased from un-compacted topsoil to compacted-layer topsoil to sand (Figure 1).  FC 

biomass did not differ between compacted-layer topsoil and sand, but was significantly 

reduced compare to un-compacted topsoil.  GW biomass did not differ between un-

compacted and compacted-layer topsoil, but decreased in sand.  CW biomass was 

greatest in the compacted-layer topsoil, but this species comprised relatively little of the 

overall biomass.  It is of note that CW was observed to vegetatively spread during the 

growing season.  Therefore, stem counts for CW were often higher than the PLS rates.  

Non-seeded species biomass decreased from un-compacted to compacted-layer topsoil, 

with a very limited number of non-seeded species present in sandy soil pots likely 

resulting from the lack of an existing seedbank. 

 

The average FC height was greater in un-compacted topsoil than in sandy soil.  

Compacted-layer topsoil resulted in intermediate heights that were not significantly 

different from sand or un-compacted topsoil.  Differences in root growth were seen 

visually during the harvest.  In un-compacted topsoil, significant roots were observed 

through the entire soil profile, whereas in compacted-layer topsoil, large-diameter roots 

were only observed above the compacted layer, with only fibrous root growth into the 
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compacted layer.  Roots were also observed growing laterally above the compacted layer.  

Root growth in loose versus compacted layer topsoil is shown in Figure 2. 

 

Seed Treatment 

Seed cleaning resulted in increased stem density of FC, GW, and CW approximately 

100%, 75%, and 300%, respectively (Table 2).  Grouped Salicaceae stem density 

approximately doubled with cleaned seed compared to un-cleaned seed.  Seed cleaning 

also increased target species biomass by approximately 50%.  FC and CW biomass 

increased as a result of seed cleaning, but GW biomass did not.  Because FC height did 

not differ due to seed cleaning, the increased biomass reflected higher tree establishment 

and not higher growth rates. 

 

Organic Fertilizer 

Biosol resulted in decreased establishment of trees.  Nevertheless, above-ground biomass 

of FC and total target species increased with Biosol addition; Goodding’s and CW 

biomass were unaffected (Table 2).  Biosol increased biomass primarily in sand and 

primarily for FC (Table 3).  Biosol did not significantly increase the above-ground 

biomass of any seeded species in un-compacted or compacted-layer soil.  Biosol addition 

resulted in greater tree heights for FC in sand, and for GW in un-compacted topsoil 

(Table 4). 

 

Seeding Rate 

Increasing seeding rates resulted in increased stem density for individual and combined 

Salicaceae species (Table 2).  However, increases in FC were relatively greater than 

increases in Goodding’s and CW.  Above-ground Salicaceae biomass increased with 

increasing seeding rates, but this was primarily a result of increased FC biomass.  GW 

biomass increased significantly from the 129 to 3,229 PLS m-2 treatment (approximately 

130%), which was much less than the 390% increase in FC biomass.  CW biomass did 

not significantly increase with higher seeding rates.  Combined Salicaceae above-ground 
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biomass increased by approximately 100% from 129 to 646 PLS m-2 and 100% from 646 

to 3,229 PLS m-2.  Although tree density increased with higher seeding rates, average 

heights of FC and GW decreased with increased seeding rates (Table 5), indicating high 

competition within or between seeded species. 

  

Greenhouse Block 

Greenhouse block did not have a significant effect on any of the collected data, indicating 

that placement in the greenhouse (i.e. temperature and relative humidity gradients) was 

not a significant factor in the study. 

 

Conclusions and Discussion 

Vegetation above-ground biomass was dominated by FC, GW, and CW, particularly at 

high seeding rates.  However, volunteer species comprised the majority of biomass at low 

seeding rates.  At the highest seeding rate, vegetation was dominated by FC individuals 

with reduced growth rates.  This observation, coupled with the corresponding high costs 

of using very high seeding rates for large-scale revegetation efforts, indicates that seeding 

rates greater than 646 PLS m-2 may not be necessary.  Additionally, superior growth rates 

of FC over Goodding’s and CW suggest that either FC should be seeded separately from 

the willow species, or that the proportion of FC in the seed mix should be reduced 

relative to the willows to decrease the density of FC trees.  High growth of non-seeded 

species indicates that volunteer species (primarily grasses) might be a concern for direct 

seeding in field conditions. 

 

Results indicate that a compacted subsurface (hard pan) soil layer and sandy soils with 

limited fertility and lower plant-available water can adversely affect riparian species 

growth rates.  Therefore, soils should be thoroughly assessed prior to revegetation in 

order to determine whether mitigation efforts (i.e. deep ripping or addition of organic 

fertilizer) should be employed.  Finally, the test pot study results indicate that seed 
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cleaning might greatly increase plant establishment and subsequently allow reduced 

seeding rates (i.e. lower revegetation costs).   

 

Seed cleaning and seeding rates should be further studied in field trials.  Seeding 

contractors should be consulted to determine the compatibility of common seeding 

equipment (e.g. broadcast spreaders and hydroseeders) with Salicaceae species.   

 

Results indicate that high-density seeding promotes high establishment and rapid growth 

of Salicaceae species.  Soil type, seeding rate and seed treatment can also affect plant 

establishment and growth.  Potential soil texture and compaction should be determined 

during site selection to determine the need for soil amendments.  Results also provide a 

first estimate of expected establishment based on seed treatments and seeding rates. 
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Tables 
Table 1.  Test pot study specifications for Salicaceae seeding trials.  

Variable Treatment Specifications 

Cleaned Pubescence removed from seed coats using 
sieves and compressed air. Seed Type 

Un-Cleaned Pubescence not removed from seed coats. 

Un-Compacted 
Topsoil 

Soil shoveled into pots, not manually 
compacted. 

Compacted-
Layer Topsoil 

Bottom 11.75 cm of soil compacted to a bulk 
density of 1.45 g cm-3.  Top 11.75 cm of soil not 
compacted. 

Soil Type 

Sandy Soil Soil consists of “mortar sand” from a materials 
supplier. 

0 Mg ha-1 Biosol organic fertilizer not applied. 
Organic Fertilizer 

1.68 Mg ha-1 Biosol organic fertilizer applied at 1.68 Mg ha-1. 

129 seeds m-2 
129 Pure Live Seeds per square meter, 1/3 
each of Fremont cottonwood, Goodding’s 
willow, and coyote willow. 

646 seeds m-2 
646 Pure Live Seeds per square meter, 1/3 
each of Fremont cottonwood, Goodding’s 
willow, and coyote willow. 

Seeding Rate 

3,229 seeds m-2 
3,229 Pure Live Seeds per square meter, 1/3 
each of Fremont cottonwood, Goodding’s 
willow, and coyote willow. 

Block 1 Repetition 1, closest to evaporative cooling 
pads. 

Block 2 Repetition 2, middle of the greenhouse. Greenhouse 
Placement 

Block 3 Repetition 3, furthest from evaporative cooling 
pads. 
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Table 2.  Linear ANOVA modeling results for test pot study of Salicaceae seeding.   

 
*Tests were run using JMP V7.0.1 (SAS Institute, Inc., Cary, North Carolina).  Numbers 
denote least-squared means, letters denote significant differences at α=0.05 within each 
column according to Least-squared Means Differences Student's t-test. 
 

Table 3.  Linear ANOVA modeling results for test pot study of Salicaceae seeding 
showing interaction effects of soil type and organic fertilizer treatments on dry above-
ground biomass.   

Dry Biomass, g m-2* 
Soil Treatment 

Biosol 
Rate,  

Mg ha-1 
Fremont 

Cottonwood 
Goodding’s 

Willow 
Coyote 
Willow 

Combined 
Salicaceae

0 435 A 114 AB 14 ABC 563 A Un-Compacted 
Topsoil 1.68 436 A 131 A 14 ABC 580 A 

0 238 BC 77 B 19 AB 334 B Compacted- 
layer 

Topsoil 1.68 280 B 96 AB 21 A 397 B 

0 133 C 12 C 6 C 150 C Sandy Soil 
1.68 302 B 7 C 9 BC 319 B 

*Tests were run using JMP V7.0.1 (SAS Institute, Inc., Cary, North Carolina).  Numbers 
denote least-squared means, letters denote significant differences at α=0.05 within each 
column according to Least-squared Means Differences Student's t-test. 
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Table 4.  Linear ANOVA modeling results for test pot study of Salicaceae seeding 
showing interaction effects of soil type and organic fertilizer treatments on seeded tree 
heights.   
 

Average Height, cm* Maximum Height, cm 

Soil  
Treatment 

Biosol Rate, 
Mg ha-1 
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0 79 A 46 B 21 A 128 A 84 B 43 A Un-Compacted 
Topsoil 1.68 68 A 72 A -- A 120 AB 115 A -- A 

0 64 A 46 B 21 A 102 C 69 B 43 A Compacted- 
Layer Topsoil 1.68 64 A 54 B 21 A 106 BC 89 B 37 A 

0 38 B 26 C -- A 19 D 41 C -- A Sandy Soil 
1.68 67 A -- ABC -- A 122 AB -- ABC -- A 

*Tests were run using JMP V7.0.1 (SAS Institute, Inc., Cary, North Carolina).  Numbers 
denote least-squared means, letters denote significant differences at α=0.05 within each 
column according to Least-squared Means Differences Student's t-test. 
 
Table 5.  Linear ANOVA modeling results for greenhouse study of Salicaceae seeding 
showing interaction effects of seeding rate and organic fertilizer treatments on seeded tree 
heights.   
 

Average Height, cm* Maximum Height, cm 

Total 
Seeding Rate, 

PLS m-2  
Biosol Rate, 

Mg ha-1 
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0 80 A 55 A -- AB 101 BC 66 A -- AB 129 1.68 69 AB -- ABC -- AB 105 BC -- A -- AB 
0 59 BC 36 BC 18 B 111 ABC 69 A 38 A 646 

1.68 78 A 47 AB 32 A 125 A 75 A 58 B 
0 42 C 27 C 14 B 97 C 58 A 31 A 3,229 

1.68 53 BC 28 C 12 B 119 AB 72 A 26 A 

*Tests were run using JMP V7.0.1 (SAS Institute, Inc., Cary, North Carolina).  Numbers 
denote least-squared means, letters denote significant differences at α=0.05 within each 
column according to Least-squared Means Differences Student's t-test. 
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Figures 
 

 
Figure 1.  Photograph of above-ground growth for test pot studies at a total seeding rate 
of 3,229 PLS m-2 after four months of growth in 26.5 l (approximately 30 cm diameter) 
pots.  Un-compacted topsoil (A) versus compacted-layer topsoil (B) versus sand (C). 
 

A B C 
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Figure 2.  Photograph of root growth for test pot studies after four months of growth.  
Un-compacted topsoil (A) versus compacted-layer topsoil (B). 

B 
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Abstract: 

Restoration of wetland and associated ecosystems is a major goal of land management 

agencies throughout the world.  On the lower Colorado River, creation of riparian 

Fremont cottonwood (Populus fremontii), Goodding’s willow (Salix gooddingii), and 

coyote willow (S. exigua) forests is planned to mitigate riparian habitat degradation by 

historic land-use conversions and river management.  Current restoration practices use 

propagated plant stock.  If direct seeding can be implemented, genetic and structural 

diversity could be enhanced at restoration sites even while reducing costs compared to 

vegetative propagation methods.  A small-scale field study was implemented on the east 

bank of the Colorado River, Cibola National Wildlife Refuge, Arizona, to determine the 
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effectiveness of direct seeding of these desired riparian tree species.  Treatments 

evaluated included cleaned or un-cleaned seed, broadcast seeding or hydroseeding, and 

furrowed or border-irrigated plots at a target seeding rate of 1,345 pure live seeds m-2, 

comprised of 20% Fremont cottonwood, and 40% each of Goodding’s and coyote willow.  

Additionally, the effect of using germination-period sprinkler irrigation was evaluated.  

For one growing season, establishment of Fremont cottonwood averaged 7% of pure live 

seed rates for all treatments combined, whereas establishment of each willow species was 

less than 1%.  Sprinkler irrigation did not affect establishment of seeded species, but 

decreased tree growth rates.  Hydroseeding of cleaned or un-cleaned seed resulted in 

higher canopy cover, establishment, and above-ground biomass compared to broadcast 

seeding.  The furrow or border irrigation treatment did not affect Fremont cottonwood or 

coyote willow establishment, but higher establishment of Goodding’s willow was 

observed for furrow irrigation.  Volunteer species were abundant, with grasses 

dominating cover and biomass after one growing season despite application of grass 

specific herbicide.  Saltcedar (Tamarix ramosissima) established in abundance, but 

showed lower growth rates than Fremont cottonwood during the first growing season.  

Monitoring for three growing seasons indicated higher growth rates and survival of 

Fremont cottonwood compared to all volunteer species.  Although larger-scale seeding 

studies are required to refine establishment rates and determine cost-effectiveness, study 

results indicated that direct seeding of Fremont cottonwood is likely to be an efficient 

method for tree re-vegetation. Additional studies are required for willow species to 
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determine if establishment from seed can be increased through enhanced weed control 

and elimination of Fremont cottonwood from the seed mix. 

 
Key Words: cottonwood; Populus; re-vegetation; riparian; Salix; willow. 
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1.1 Introduction 

1.1.1 Background 

To mitigate historic destruction of wetlands, momentum is growing to restore or 

re-vegetate associated ecosystems to provide flood control and habitat for native fauna 

(Mitsch and Gosselink, 2000).  Western U.S. land managers are tasked with restoring 

thousands of hectares of vegetation along streams, where flow regulation, clearing of 

native vegetation, grazing, and establishment of non-native species have resulted in soil 

salinization (Glenn et al., 1998) channel narrowing and incision (Shafroth et al., 2002), 

and increased the frequency and intensity of wildfires (Busch, 1995).  Along the lower 

Colorado River (LCR), areas of riparian vegetation were historically cleared to allow for 

agricultural land use.  Additionally, during the 20th century, a series of dams were 

constructed on the Colorado River between Lake Powell and the international border with 

Mexico.  These dams reduced flooding and allowed for diversions of water for 

agricultural and urban use.  Land clearing, dam construction, and flow regulation have, 

however, resulted extensive degradation of riparian ecosystems along the channel and 

within the historic floodplain.     

To mitigate anthropogenic changes in river management and land use, the U.S. 

Bureau of Reclamation plans to re-vegetate 2,400 ha of land on the LCR currently under 

agricultural use or dominated by saltcedar (Tamarix ramosissima), an introduced invasive 

species, with the native Salicaceae species Fremont cottonwood (Populus fremontii, FC), 

Goodding’s willow (Salix gooddingii, GW), and coyote willow (S. exigua, CW) to 

provide habitat for native fauna (Bureau of Reclamation, 2006).  The primary goal of this 
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re-vegetation effort is to preserve and expand habitat for native species.  Of particular 

concern are native avifauna, including the Southwestern willow flycatcher (Empidonax 

traillii extimus) and western yellow-billed cuckoo (Coccyzus americanus occidentalis). 

1.1.2 Standard Re-vegetation Practices on the Lower Colorado River  

Salicaceae species can readily be established via vegetative propagation, which 

typically consists of pole planting, or placement of rooted or bare cuttings.  Pole planting 

involves cutting large branches while trees are dormant, and placing them within the 

capillary fringe to increase the availability of water (FISRWG, 1998).  On the LCR, the 

U.S. Bureau of Reclamation has recently (since 2005) been propagating small cuttings 

collected from native or planted trees.  Cuttings are grown for a period of up to eight 

months within nurseries to establish roots, and then outplanted at very high densities (up 

to 1.7 m-2) at restoration areas using standard farm equipment (Bureau of Reclamation, 

2007).  The availability of irrigation allows the U.S. Bureau of reclamation to outplant 

even where the depth to groundwater is relatively high.   

However, there are concerns with using vegetative propagation for large-scale re-

vegetation.  Stems are taken from a limited number of sources trees (clones).  The choice 

of clones affects genetic diversity, growth rates, and sex ratios at restoration sites 

(Winfield and Hughes, 2002).  Additionally, vegetative propagation results in high costs 

due to the need for collection, storage, transportation, and preliminary establishment in 

controlled environment agricultural systems (Bureau of Reclamation, 2007).  
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1.1.3 Direct Seeding of Salicaceae Species 

High-density establishment of seedlings has been observed in riparian systems 

which still experience seasonal flooding and scour.  Dense establishment of FC and GW 

has been observed along the Bill Williams River, a tributary of the Colorado River which 

has experienced seasonal flooding during the past decade (Shafroth et al., 1998).  Natural 

recruitment of native Salicaceae trees has also been observed following flooding in the 

Colorado River Delta (Nagler et al., 2005) and on the middle Rio Grande in New Mexico 

(Sher et al., 2002; Sprenger et al., 2002; Taylor and McDaniel, 1998; Taylor et al., 1999).  

Additionally, where high native seed dispersal still occurs, drawdown of ponds has been 

managed during periods of Salicaceae seed dispersal to allow micro-climates which 

support germination and seedling growth (Roelle and Gladwin, 1999; Roelle et al., 2001).  

Irrigation may allow the use of direct seeding for establishment of riparian vegetation in 

areas where native tree seedfall has been reduced (as in Friedman and Scott, 1995). 

Direct seeding typically reduces re-vegetation costs compared to vegetative 

propagation and hand planting.  Schuman et al. (2005) demonstrated a reduction of over 

90% in the cost of native shrubs per plant by direct seeding compared to transplanting of 

nursery-grown seedlings.  Other discussions of cost reductions due to direct seeding for 

agriculture or re-vegetation include Dissanayake et al. (2008), Balandier et al. (2009), and 

Willoughby et al. (2004).  Cost reductions are realized due to reduction in time required 

per seed compared to per cutting, reduced transportation cost, lack of husbandry 

requirements in nurseries, and decreased seeding costs compared to planting.  Therefore, 

it is likely that, if direct seeding can be implemented for the Salicaceae species, the costs 
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of large-scale riparian habitat restoration could be dramatically reduced.  Additionally, 

because Salicaceae species are dioeceous (i.e. individual male and female trees), the use 

of native seed would ensure that genetic information from many trees is incorporated into 

restoration sites. 

Several attempts have been made to apply direct seeding for re-vegetation of 

riparian areas along the LCR.  Previous efforts included manual spreading of pubescent 

seed, hydroseeding using a variety of mixes (mulch and tackifiers), and placement of 

seeding branches upwind of irrigated, cleared land (Raulston, 2003; Bureau of 

Reclamation, 2005).  However, lack of a scientific, replicated approach precluded 

determination best practices for seed preparation and seeding methods.  Additionally, 

seeding rate effects have not been analyzed.   

To provide a more controlled, scientific analysis of the feasibility of direct 

seeding of FC, GW, and CW for large-scale riparian restoration, a small-scale field study 

was implemented on 48 m2 study plots to analyze the effects of seed cleaning, seeding 

methods, sprinkler irrigation versus surface irrigation only, and surface irrigation method 

on the establishment and growth of these riparian trees. 

2.1 Materials and Methods 

To determine the establishment and growth of FC, GW, and CW from seed under 

a variety of treatments and field conditions, a field test plot study was established on a 

former agricultural field on the LCR.  Following one growing season, tree establishment 

and growth were analyzed. 
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2.1.1 Study Location 

The study was conducted on a former agricultural field at the Cibola National 

Wildlife Refuge (NWR), Arizona approximately 2 km from the Colorado River.  Near-

surface soils are dominated by silt loam (Indio silt loam), underlain by sand at depths 

greater than 100 cm below ground surface.  Prior to seeding the average near-surface soil 

salinity was 1.6 dS m-1, considered moderately saline, but within the tolerance of FC, 

GW, and CW (Desert Research Institute, 1990; Glenn et al., 1998).  Depth to 

groundwater has been observed to vary between 2 and 3 m, with maximum depth to 

groundwater occurring during July and minimum depth occurring during January 

(GeoSystems Analysis, Inc., 2008).  Thus, the potential exists at this site for groundwater 

use by mature riparian trees.   

2.1.2 Experimental Design 

A split-block factorial design was used to determine the effects of seed treatment, 

seeding methods, germination-period (early-time sprinkler) irrigation method, and 

surface irrigation methods on FC, GW, and CW tree establishment and growth.  Because 

of sprinkler irrigation infrastructure, it was logistically impossible to randomly place all 

treatment combinations.  Additionally, because plant success could be affected by soil 

texture and soil salinity gradients, it was desired to have a randomized block design to 

account for variation in soil properties.  The resulting study treatment matrix was Early-

Time Sprinkler Irrigation ×  Seeding Method ×  Surface Irrigation Method +  Plot 

Placement + Seeding Rate (Table 1).  All combinations of treatments were analyzed in 

triplicate.  Within splits, placement of the six combinations of seeding treatment and 
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surface irrigation method were randomized.  The final layout for field treatments is 

provided in Figure 1.  

The early-time sprinkler irrigation treatment was implemented to determine if 

sprinkler irrigation would increase germination rates and decrease the spatial variability 

of desired species compared to surface irrigation only.  Sprinkler irrigation application 

can be managed to minimize soil inundation and surface flow, and would likely result in 

decreased salt concentration on furrow crests compared to surface irrigation only.  

Sprinklers were placed on a regular grid, with 12 m (north-south) lateral spacing by 9 m 

(east-west) sprinkler spacing.  Splash guards were placed on sprinkler heads between 

sprinkler and no-sprinkler plots to prevent overspray.  Sprinkler system management is 

described in Section 2.1.4. 

Seeding methods initially considered included drill seeding, broadcast seeding, 

and hydroseeding.  It was determined that “fluffy seed” broadcasters and drill seeders 

would not be effective for un-cleaned cottonwood and willow seed and that the low 

weight of seed required for each study plot precluded correct operation of a rangeland 

drill seeder.  Consequently, broadcasting of cleaned seed, and hydroseeding of cleaned 

seed and un-cleaned seed were evaluated for their effectiveness.  The seed cleaning 

treatment was implemented to investigate potential increases in cottonwood and willow 

establishment due to removal of seed hairs, as observed during previous studies of 

riparian tree species establishment in greenhouses (GeoSystems Analysis, Inc., 2007).  

Likewise, it was speculated that hydroseeding would result in reduced movement due to 

wind and irrigation for both cleaned and un-cleaned seed.  For statistical analysis seed 
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cleaning and application method are combined into a single effect, denoted “Seeding 

Method”.   

Furrow and border (small-scale basin) surface irrigation methods were applied to 

determine the effects of these standard irrigation methods on plant establishment and 

growth.  It was speculated that furrow irrigation would result in reduced translocation of 

seed across plots compared to border irrigation.  Border irrigation consisted of small-

scale basins enclosed by soil berms on all sides.  Furrows on the standard spacing of 1.0-

meter (40-inch) centers with a depth of approximately 16 cm were installed via ripping 

and bed shaping.  Following seeding, berms were constructed at the ends of the plots to 

eliminate surface runoff.  All surface irrigation was applied via 15.24 cm outer-diameter 

aluminum gated pipe to maximize distribution uniformity.   

Treatment combinations were tested in triplicate, with replications numbered from 

one to three (increasing from north to south).  Because of variations observed in soil 

salinity and subsurface texture within the study (GeoSystems Analysis, Inc., 2008), it was 

expected that plot position would have a significant effect on plant establishment and 

growth.  Therefore, “Plot Placement” was designated as a treatment variable, allowing for 

analysis of variation in growth in the study section of the field, and consideration for 

spatial variation in the ANOVA analysis.  Plot position was denoted by Block 1, Block 2, 

or Block 3 (refer to Figure 1). 

The design seeding rate for the small-scale plots was 1,345 pure live seeds (PLS) 

m-2, which consisted of 270 PLS m-2 of FC, and 538 PLS m-2 each of Gooding’s and CW.  

Although seeding rate was not a design variable, the seeding rate varied between 
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hydroseeded plots due to variable application time per plot (range of 1071 to 1848 PLS 

m-2).  For the hydroseeded plots, the actual seeding rate was estimated based on the 

duration of application from the hydroseeder, as described in detail in Section 2.1.3.   

2.1.3 Seed Collection, Preparation and Application 

Seed for the small-scale studies was collected from various sources on the LCR.  

FC and GW seed was collected March 12 to 16, 2007 at the Bill Williams River NWR 

and the Ahakhav Tribal Preserve (Parker, Arizona).  Additional FC seed was collected 

from the Ahakhav Tribal Preserve and Cibola NWR April 11 to 16, 2007.  Gooding’s and 

CW seed was collected from the Beal Lake Habitat Restoration Site (8 km southeast of 

Needles, CA), Ahakhav Tribal Preserve, and Cibola NWR during April 11 to 16, 2007.  

Seed pods were collected from trees which had begun actively-dispersing seed, as 

recommended by the U.S. Bureau of Reclamation (2005).  Seed capsules remain green 

even when seed is mature.  To determine if seed was ready for collection, some capsules 

were opened.  Seed was deemed to be ready for collection if the seed was light brown in 

color (i.e. no green observed).  FC seed was collected by pruning seeding branches of the 

source tree adjacent to racemes with a pruning pole.  GW and CW seed was collected 

either by pruning raceme-laden branches or by picking racemes from source trees by 

hand.  Plant waste was trimmed and seed pods were stored in paper bags for transport to 

the University of Arizona’s Southwest Center for Natural Products Research and 

Commercialization (Tucson, Arizona).   

Seed in each paper bag was split into several bags and placed on laboratory 

benches for one week to promote capsule drying and dehiscence.  After drying, seed was 
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manually separated from plant waste, and placed in plastic bags for freezer storage.  

Freezer temperature was maintained at -10oC (GW and CW) or -19oC (FC) per 

recommendations from the US Department of Agriculture National Seed Storage 

Laboratory (Didericksen, Biological Science Laboratory Technician, January 9, 2005, 

personal communication).  To remove seed pubescence for the “cleaned seed” treatment, 

sufficient seed of each species was cleaned using a Wiley mill (Model #2 and Model #4, 

Arthur H. Thomas Company, Philadelphia, PA) with subsequent separation of seed from 

debris with a #25 sieve (Newark Wire Cloth Company, Newark, NJ).  Final cleaning was 

accomplished with an air-screen machine (Model D, E.L. Erickson Products, Brookings, 

South Dakota).  After cleaning, seed was returned to freezers.  Two weeks prior to 

seeding, incubator germination studies were conducted for each seed source to determine 

the PLS rate for the small-scale studies. 

Sufficient seed was obtained for each seeding method by mixing seed of source 

trees.  Cleaned, broadcast treatment seed was allocated per plot at the rate of 270 PLS m-2 

of FC, and 538 PLS m-2 each of Goodding’s and CW.  Sufficient hydroseed treatment 

seed was combined for thirteen plots, to seed the twelve treatment plots and an additional 

test area.  The seed was then returned to freezer bags, and stored in the freezers until 

transport to the Cibola NWR small scale plots for seeding.  All PLS rates were estimated 

based on weight calibrations of cleaned and un-cleaned riparian seed.  For calibrations, 

1,000 seeds of each species were counted onto Petri dishes, and the net weight was 

determined with an analytical scale.  
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One day prior to seeding in the small-scale plots, (May 15, 2007), seed was 

transported to the research location in insulated coolers.  Block ice was placed in the 

bottom of coolers, and the seed was placed above.  Upon arrival, seed was transferred to 

freezers.  The following morning, seed was returned to coolers and transported to the 

field.  Coolers with seed were stored in shade on-site until placement in plots.   

Hydroseed was applied with a 2,000 l-capacity Finn Hydroseeder (Finn 

Corporation, Fairfield, OH).  The application rate was approximately 3.53 m3 ha-1 of 

hydroseed consisting of water, mulch, and seed.  No chemical tackifiers were applied.  

Mulch consisting of Conwed Fibers 2000 wood fiber (Profile Products, LLC, Buffalo 

Grove, IL) was applied at approximately 18.4 kg ha-1.  The actual time of hydroseed 

application in each plot was noted in field books, as was the total duration of seed 

application (unused hydroseed was sprayed onto an adjacent portion of the field until the 

hydroseed tank was emptied).  The seeding rate for a given plot was then calculated from 

the following equation: 

( )

A

S
T
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where Tp is the time of application within a given plot, Tt is the total time of hydroseed 

application, St is the total seeds placed in the hydroseeder, and A is the plot area.  These 

calculations apply to both cleaned and un-cleaned hydroseed treatments, as one tank of 

hydroseed was applied for each seed type. 

Broadcast seeding was accomplished with a push-style broadcast spreader (The 

Scotts Company, Marysville, OH).  The seeding rate for broadcast-seeded plots was the 
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nominal rate (i.e. 1,345 PLS m-2).  The total amount of seed for each plot was placed in 

the spreader, and spread throughout each plot. 

2.1.4 Irrigation Management 

For the first 22 days after seeding, sprinkler irrigation was applied every day for a 

time period ranging from six to fourteen hours.  Because soil was initially dry after 

seeding, a longer duration and greater depth of water was required to fully wet the soil 

surface on the first day.  Thereafter, sprinklers were managed to keep the soil surface 

moist throughout the day while minimizing ponding—individual sprinkler laterals were 

shut off as needed.  Daily applied water for sprinkler irrigation averaged 2 cm day-1.  

Sprinklers were removed 22 days after seeding, and all plots were subsequently irrigated 

with the gated pipe.   

During the first 25 days after seeding, surface irrigation plots within the non-

sprinkler blocks were irrigated daily for the first ten days, then every other day thereafter.  

To promote wetting of the entire width of the furrow beds, furrowed plots were filled to 

approximately 75% of capacity.  Likewise, border plots were irrigated until they were 60-

75% inundated.  On the first day of irrigation, approximately 15 and 9 cm of water were 

required for border and furrow plots, respectively.  Thereafter, approximately 3 to 5 cm 

of applied water was applied to surface-irrigated plots during each irrigation event for the 

first 25 days after seeding.  It was planned to reduce the irrigation frequency slowly over 

the course of the growing season to correspond to increasing rooting depth.  However, 

irrigation management constraints did not allow for this schedule.  During June and July 

(the first two months after seeding), the maximum gap between irrigation events was 
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eight days.  For these irrigation events, greater depths of water were applied to fill plots 

to capacity as described above.  During August and September, gaps of greater than ten 

days occurred on four occasions.  Additionally, the irrigation contractor used a large-

scale irrigation culvert on four occasions during the growing season, which likely 

resulted in uneven distribution of water between plots during these irrigation events. 

2.1.5 Soil Moisture, Temperature and Salinity Monitoring 

To monitor soil water content, soil temperature, and soil salinity, an instrument 

nest was placed in the center of each plot prior to seeding.  An ECH2O-TE (Decagon 

Devices, Inc., Pullman, WA) sensor was placed at 15 cm below ground surface (bgs) to 

monitor soil temperature, soil specific conductance (EC), and soil volumetric water 

content.  EC-10 sensors (Decagon Devices, Inc.) were placed at 46 cm and 91 cm bgs to 

monitor soil volumetric water content.  Sensors were wired to two CR-1000 (Campbell 

Scientific, Inc., Logan, Utah) dataloggers programmed to collect data from all sensors on 

four-hour intervals (Figure 1).   

Data were used primarily to determine if irrigation was carried out per 

instructions provided to the contractor.  Due to the remote location of the field site, it was 

not possible to adjust irrigation schedules based on observed data. 

2.1.6 Vegetation Monitoring 

Vegetation monitoring consisted of canopy cover measurements and harvested 

quadrats.  The monitoring was a stratified random design, whereby one sample type was 

located randomly within each third of the plot.  Point transects on one foot- (30.5 cm) 

intervals were surveyed to determine crown and canopy cover, and 0.5 m2 (1 m by 0.5 m) 
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quadrats were harvested to determine tree density, height, and above-ground dry biomass. 

The first vegetation survey was implemented in September 2007, after approximately 

four months of growth.  Surveys were implemented in September in order to avoid leaf 

drop by cottonwood and willow in the fall.  Thereafter, ongoing monitoring included 

surveys twice per year, at the approximate beginning and end of the growing season 

(May-June and September-October, respectively).  Species-specific data was analyzed for 

seeded riparian species (FC, GW, and CW) and saltcedar.  Grasses and sedges were 

lumped into their own category, and other species were classified as “shrubs and forbs”. 

2.1.7 Statistical Analysis 

Linear analysis of variance (ANOVA) modeling was accomplished through use of 

JMP V 7.0.1 (SAS Institute, Cary, N.C.) to determine the impacts of treatments (sprinkler 

irrigation, seed application method, surface irrigation method, plot position, and seeding 

rate) on cover, stem density, tree height, and biomass.  Significant treatment effects and 

interactions on a given result were determined by F-tests.  Least-squared means were 

compared via Student’s t-tests to determine significant differences at α = 0.05 between 

treatments.  Probability values were determined for correlation between seeding rates and 

results.  Because hydroseeding resulted in variable seeding rates (due to variable time of 

seed application), additional consideration was given to seeding rates for linear analysis 

of variance (ANOVA) modeling. 



 

 

104

3.1 Results 

3.1.1 Vegetation Establishment and Growth for the First Growing Season 

FC tree density (per plot) ranged from 0 to over 59 m-2.  The average FC stem 

density was approximately 18 m-2, which correlates to an establishment of approximately 

7% of seeded PLS rates.  Establishment of willow species was much lower than for 

cottonwood.  GW was observed in quadrats of only twelve of 36 plots, with an overall 

establishment rate of approximately 0.08% of seeded PLS rates.  CW was observed in 

quadrats of only six plots, with an overall establishment rate of approximately 0.05% of 

seeded PLS rates.  Generally, growth rates of seeded plants increased from north to south 

across the study site, coinciding with the observed salinity gradient.  The maximum 

cottonwood dry biomass was 220.3 g m-2, with an average of 45.2 g m-2.  The maximum 

GW dry biomass was 5.6 g m-2, with an average of 0.46 g m-2, and the maximum CW dry 

biomass was 1.9 g m-2, with an average of 0.14 g m-2. 

Undesired plants were abundant in the study plots.  Specifically, Bermudagrass 

(Cynodon dactylon) established immediately after irrigation, and exhibited superior initial 

growth rates to the young tree seedlings.  Arrow 2EC (Arysta LifeScience North 

America, LLC, Cary, North Carolina) grass-specific herbicide was applied to all plots on 

June 25th, approximately 5 weeks after seeding.  Application retarded grass growth in all 

plots but resulted in variable Bermudagrass mortality.  In the following weeks, jungle rice 

(Echinochloa colona) and other grasses increased in abundance, and, despite additional 

application of grass-specific herbicide, composed the majority of cover and biomass 

during surveys after four months of growth.   
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Saltcedar established in abundance in the small-scale study plots.  Plant 

establishment ranged from 2 to 70 m-2, with an average of 25 m-2.  Biomass was as high 

as 93.5 g m-2.  However, at the end of the growing season, saltcedar was primarily in the 

understory with FC crown cover per-treatment averages greater than those of saltcedar 

for eleven of twelve treatments, and per-treatment average biomass greater than that of 

saltcedar for nine of twelve treatments.  In summary, these results indicate that saltcedar 

density was greater than that of cottonwood, but cottonwood growth rates were higher. 

ANOVA results for seeded species establishment, cover, and height are provided 

in Table 2.  Results for establishment, cover, and height of volunteer species are provided 

in Table 3.  Above-ground dry biomass results for all species are provided in Table 4.  

Because low establishment of willow species resulted in a lack of data for certain 

treatment results, crown cover results are only presented for cottonwood, saltcedar, and 

combined grasses and sedges (no rushes were observed).  Average height results are only 

presented for cottonwood and saltcedar.  Because the quadrat sampling size was designed 

for high plant establishment, the survey methods may have limited effective 

characterization of willow species.  The effects of implemented study treatments are 

discussed in the following. 

Sprinkler irrigation significantly reduced cottonwood and saltcedar crown and 

canopy cover (Table 2, Figure 2), with an increase in grass and sedge crown cover (Table 

3).  Neither grass and sedge biomass or canopy cover increased with sprinkler irrigation 

(Table 4), indicating that grass growth was similar between sprinkler treatments.  

Establishment of cottonwood, GW, and CW was unaffected by sprinkler irrigation (Table 
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2, Figure 3).  However, saltcedar establishment decreased by approximately 50% with 

sprinkler irrigation (Table 3, Figure 3).  Biomass of both FC and saltcedar decreased with 

sprinkler irrigation by approximately 70% and 80%, respectively, compared to surface 

irrigation (Table 4, Figure 4).  These data indicate that growth rates were reduced for 

both seeded and volunteer tree species with sprinkler irrigation.   

Of the seeding methods, hydroseeding resulted in the highest canopy cover, stem 

counts, and biomass for all three seeded species.  FC establishment was higher for un-

cleaned hydroseed than cleaned hydroseed, but results were not consistent for willow 

species (Table 2).  No willows were observed within any quadrats of sprinkler-irrigated, 

cleaned seed, broadcast treatments. 

FC and CW results were unaffected by surface irrigation method.  In contrast, 

furrow irrigation significantly increased GW canopy cover, stem count, plant height, and 

biomass compared to border irrigation (Table 2).  Visually, the distribution of FC within 

furrow-irrigated plots was more even than in border-irrigated plots, with regular 

distribution along the high-water mark on the sides of furrows.  Furrow irrigation without 

sprinklers typically showed no tree growth on the crest of furrows.  No significant effects 

were observed for volunteer species as a result of surface irrigation methods overall 

(Table 3).   

Plots within Block 1 had lower cottonwood cover, plant establishment, and 

biomass m-2 than Block 2 or 3.  Willow establishment and growth was not significantly 

affected by plot placement (Table 2).  Saltcedar growth was likewise unaffected by plot 

position, whereas grass and sedge crown cover was greater in Block 1 (Table 3).  Plot 
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position did not significantly affect biomass of any volunteer species (Table 3). 

Cottonwood and GW plant establishment and cottonwood biomass were directly 

correlated with seeding rate (Table 2).  Other relationships were not significant at P=0.05.  

Of note, the height of FC did not significantly decrease with higher seeding rates.  This 

result indicates that for the first growing season, competition did not reduce plant growth 

rates for cottonwood. 

3.1.2 Soil Moisture Monitoring 

Soil water content example results are provided in Figure 5 for plot YUHF 2.  

Irrigation and drainage are observed in spikes with rapidly descending estimated 

volumetric water content values.  Evapotranspirative water loss is also observed during 

longer periods without irrigation, indicating plant water use.  Extensive drying was 

observed at 15 cm bgs during August and September, during the prolonged periods 

without irrigation.  However, at 46 and 91 cm bgs significantly less drying was observed, 

indicating that trees with roots at depth of greater than 46 cm bgs might have avoided 

water stress.  Relatively constant moisture content at 91 cm bgs indicates that 

evapotranspiration from this soil zone occurred at a rate less than the contributions of 

irrigation and shallow groundwater (due to capillary rise).  These data suggest that water 

stress was likely in seedlings over the first growing season (i.e. soil moisture 

management for seedling growth and survival was not optimal). 

3.1.3 Vegetation Dynamics after Three Growing Seasons 

Overall crown and canopy cover trends over the first three growing seasons are 

shown in Figure 6 and Figure 7, respectively.  Crown cover of FC consistently increased, 
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from less than 10% after one growing season, to approximately 70% after three growing 

seasons.  As indicated by the similar values of crown and canopy cover for cottonwood, 

this species is dominant in the overstory.  During this time period, cottonwood grew 

above other vegetation types, and has essentially replaced grasses, sedges, shrubs, and 

forbs in the crown.  Saltcedar crown cover increased from less than 5% to approximately 

10% over the first dormant season (Winter 2007-2008), but has remained at 

approximately 10% since.  Total canopy cover of saltcedar has remained between 30% 

and 40% through three growing seasons.  Canopy cover of grasses and sedges has 

remained at approximately 60%, indicating that these species are still present, but 

primarily in the understory.  However, cover of shrubs and forbs greatly decreased during 

the third growing season, indicating extensive competition for sunlight and water 

resources for these species, which were primarily annuals. 

Summarized tree density data for FC and saltcedar are provided in Figure 8.  The 

decline in saltcedar density (approximately 35%) between September, 2007, and May, 

2008 surveys indicates that many saltcedar plants did not grow again after the first 

dormant season.  Over the second and third growing seasons, saltcedar mortality of 

approximately 12% and 21%, respectively, was observed.  Mortality was observed for FC 

as well, primarily during the first dormant season (22%).  Over the second growing 

season, FC mortality of approximately 6% was observed.  Over the third growing season, 

the density of cottonwood was actually observed to increase, indicating that individuals 

previously believed dead had re-sprouted.  As a result of higher saltcedar mortality, the 

density of FC was greater than that of saltcedar after three growing seasons. 
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4.1 Discussion and Conclusions 

FC established at approximately 7% of PLS rates during the first growing season.  

However, Goodding’s and CW establishment was less than 1% of PLS rates.  Volunteer 

species (primarily grass and sedges) dominated biomass, and saltcedar composed a 

significant proportion of total stem counts.  These results indicate the potential for high 

weed establishment during re-vegetation of agricultural lands.  Similar results have been 

observed in other re-vegetation efforts on former agricultural land (Banerjee et al., 2006).  

For the Cibola NWR study plot area, irrigation water travels approximately 2.75 km in an 

open ditch through areas dominated by saltcedar, which actively disperses seed 

throughout the summer.  Consequently, it is likely that irrigation water carried the 

majority of the saltcedar seed that invaded the plots.  This speculation is supported by the 

reduction of saltcedar in sprinkler-irrigated plots, as an in-line filter was used for the 

sprinkler system. 

Early-time sprinkler irrigation showed negative effects on target species plant 

growth, and plant establishment was not significantly affected.  Furrow irrigation did not 

increase FC establishment in small-scale studies.  Hydroseeding resulted in increased 

establishment of the desired riparian tree species compared to broadcast seeding 

(approximate doubling of establishment for FC).  Establishment of FC under the most 

favorable treatment (un-cleaned hydroseed, no sprinkler irrigation) averaged 10.8%.  

Establishment of Goodding’s and CW for the most favorable treatment (un-cleaned 

hydroseed on furrows, no sprinkler irrigation, and cleaned hydroseed on furrows, no 

sprinkler irrigation, respectively) averaged 0.4% and 0.2%, respectively.  Establishment 
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on furrows was limited primarily to the side-slope of furrows near the high water mark 

during irrigation.  Furrow crests were wetted during irrigation via capillary action, but 

tree survival was likely limited by salt accumulation.  Establishment in the bottom of 

furrows was likely reduced due to consistent inundation during irrigation events. 

The large variation in cottonwood growth observed due to plots placement may be 

due to higher subsurface soil salinity on the northern edge of the field (GeoSystems 

Analysis, Inc., 2008).  Saltcedar establishment and growth did not show a consistent 

trend as a result of plot position possibly due to the higher salinity tolerance of saltcedar 

(Desert Research Institute, 1990).  Likewise, grasses did not show effects of salinity 

gradients across the field, likely due to their higher salinity tolerance relative to riparian 

trees (Marcum et al., 2005). 

Vegetation monitoring through three growing seasons indicated that, FC 

composed the majority of crown cover beginning after two growing seasons, and intense 

competition has resulted in higher mortality rates for saltcedar than cottonwood.  After 

three growing seasons, the density of FC was greater than saltcedar.  Additional small-

scale study plots have been initiated to evaluate GW establishment and growth from seed 

in the absence of FC.  Additionally, more intensive weed management is being 

incorporated.  This study will help determine if the low establishment of willow in plots 

can be improved given reduced competition with FC and volunteer species. 

Larger demonstration plots are required to determine scaling effects on vegetation 

establishment, and to refine seeding success rates.  Such studies will allow estimation of 

large-scale direct seeding costs, which can be compared to current re-vegetation practices 
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(i.e. vegetative propagation).  To enhance the potential for success with seeding of any of 

these riparian tree species, an intensive weed control plan is required, and it should be 

attempted to minimize saltcedar seed within irrigation water.  Results to date from this 

study indicate that FC tree communities can likely be successfully re-vegetated by direct 

seeding.  Direct seeding will likely result in enhanced genetic and structural diversity in 

restoration areas, while significantly reducing re-vegetation costs compared to 

outplanting of nursery stock.  Study results for GW and CW were inconclusive, and 

further seeding studies will be needed to determine direct seeding feasibility for these 

species.  It is likely that enhanced weed control and elimination of FC from the seed mix 

will result in increased establishment. 
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Tables 

Table 1.  Field study specifications and treatment codes for 2007 Salicaceae seeding trials 
conducted at Cibola National Wildlife Refuge, Cibola, Arizona.  

Variable Treatment Specifications 

No Sprinklers 
(N) 

No sprinklers used, surface irrigation implemented 
immediately after seeding. Early-Time 

Sprinkler 
Irrigation Sprinklers 

(Y) 
Sprinklers irrigation used during germination period 
(3 weeks after seeding), surface irrigation thereafter. 

Un-cleaned, 
hydroseed 

(UH) 

Pubescence not removed from seed coats, seed 
applied with a hydroseeder. 

Cleaned, 
hydroseed 

(CH) 

Pubescence removed from seed coats, seed applied 
with a hydroseeder. Seeding Method 

Cleaned, 
broadcast 

(CB) 

Pubescence removed from seed coats, seed applied 
with a broadcast seed spreader. 

Border  
(B) Small-scale basin irrigation. 

Surface Irrigation 
Method Furrow 

(F) Furrows on 1.02 m spacing. 

Block 1 
(1) Northernmost replication. 

Block 2  
(2) Middle replication. Plot Position 

Block 3 
(3) Southernmost replication. 

Seeding Rate Variable Estimated by hydroseed application duration. 
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Table 2.  Linear ANOVA modeling results for field study of Salicaceae direct seeding 
after one growing season.  Numbers denote least-squared means, letters denote 
significant differences at α=0.05 within each column according to Least-squared Means 
Differences Student's t-test.  
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Table 3.  Linear ANOVA modeling results for volunteer species during the field study of 
Salicaceae direct seeding after one growing season.  Numbers denote least-squared 
means, letters denote significant differences at α=0.05 within each column according to 
Least-squared Means Differences Student's t-test. 

 



 

 

119

Table 4.  Linear ANOVA modeling results for study of Salicaceae direct seeding after 
one growing season, above-ground dry biomass.  Numbers denote least-squared means, 
letters denote significant differences at α=0.05 within each column according to Least-
squared Means Differences Student's t-test.  

Above-Ground Dry Biomass, g m-2 
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Sprinklers Means and Significant Differences 
No Sprinklers 69.30 A 0.705 A 0.222 A 32.96 A 429.34 A 108.14 A 

Sprinklers 21.09 B 0.214 A 0.052 A 7.24 B 445.90 A 56.43 A 

Seed Treatment  

Un-Cleaned Hydroseed 65.45 A 0.972 A 0.241 A 21.28 A 387.18 A 86.39 A 

Cleaned Hydroseed 44.66 
AB 

0.329 
AB 0.125 A 21.51 A 453.91 A 62.60 A 

Cleaned Broadcast 25.47 B 0.076 B 0.044 A 17.51 A 471.78 A 97.87 A 
Surface Irrigation Method  

Border 37.13 A 0.065 B 0.043 A 16.69 A 424.69 A 85.01 A 

Furrow 53.26 A 0.853 A 0.231 A 23.51 A 450.55 A 79.55 A 

Plot Position  

Block 1 20.95 B 0.702 A 0.212 A 18.41 A 478.94 A 42.78 A 

Block 2 55.10 A 0.358 A 0.000 A 20.00 A 347.40 A 101.01 A 

Block 3 59.53 A 0.318 A 0.214 A 21.89 A 486.52 A 103.06 A 

Seeding Rate, PLS m-2  

direct 0.018  0.317  0.926  Correlation Relationship 
and P-values inverse  0.257  0.261  0.241 
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Table 5.  Linear ANOVA modeling results for Fremont cottonwood and saltcedar 
establishment during the field study of Salicaceae direct seeding showing interaction of 
Sprinklers ×  Surface Irrigation Method.  Numbers denote least-squared means, letters 
denote significant differences at α=0.05 within each column according to Least-squared 
Means Differences Student's t-test. 

Irrigation Method Saltcedar Density, 
Stems m-2 

Fremont 
Cottonwood 

Density, 
Stems m-2 

No Sprinklers, Border 40.4 A 18.4 A 
No Sprinklers, Furrow 27.1 B 16.9 A 

Sprinklers, Border 16.6 B 15.5 A 
Sprinklers, Furrow 15.7 B 19.8 A 
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Figures 

 
Figure 1.  Treatment layout for small-scale field study of Salicaceae direct seeding.  
Treatment codes are as detailed in Table 1. 
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Figure 2.  Average (per treatment) crown cover for Fremont cottonwood and saltcedar in 
small-scale field study plots of Salicaceae direct seeding.  Error bars encompass one 
standard error.  Treatment codes are as detailed in Table 1. 
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Figure 3.  Average (per treatment) tree establishment for Fremont cottonwood and 
saltcedar in small-scale field study plots of Salicaceae direct seeding, after one growing 
season. Error bars encompass one standard error.  Treatment codes are as detailed in 
Table 1. 
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Figure 4.  Average (per treatment) above-ground dry biomass for Fremont cottonwood, 
saltcedar, and grass and sedge in small-scale field study plots of Salicaceae direct seeding 
after one growing season.  Error bars encompass one standard error.  Treatment codes are 
as detailed in Table 1. 
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Figure 5.  Example soil volumetric water content versus time for small-scale field study 
plot of Salicaceae direct seeding. Treatment code is as detailed in Table 1 (i.e. Sprinkler 
Irrigation,Un-cleaned Hydroseed, Furrow, Block 2). 
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Figure 6.  Overall crown cover (ignoring seeding method or irrigation effects) for 
Fremont cottonwood, saltcedar, grass and sedge, and shrubs and forbs over three growing 
seasons in small-scale field study plots of Salicaceae direct seeding.  Error bars 
encompass one standard error. 
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Figure 7.  Overall canopy cover (ignoring seeding method or irrigation effects) for 
Fremont cottonwood, saltcedar, grass and sedge, and shrubs and forbs over three growing 
seasons in small-scale field study plots of Salicaceae direct seeding.  Error bars 
encompass one standard error. 
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Figure 8.  Overall tree density (ignoring seeding method or irrigation effects) for Fremont 
cottonwood and saltcedar over three growing seasons in small-scale field study plots of 
Salicaceae direct seeding.  Error bars encompass one standard error. 
 
 


