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ABSTRACT 

 
Considering that the southwestern United States provides many of the specialty crops to 

feed the entire nation, it is vital to maximize use of water and fertilizer in croplands in this 

region. Meanwhile, intensifying droughts exacerbate cropland dependence on irrigation water. 

Therefore, solutions are needed to maintain cropland productivity. Adding carbon-rich organic 

amendments temporarily improves soil properties by increasing water and nutrient retention, but 

benefits are short-lived as organic amendments degrade quickly in hot, arid climates. Biochar is 

an organic amendment that can potentially improve long-term cropland soil health, which is the 

ability of soil to store and provide water and nutrients for plant growth. Biochar provides a 

relatively stable carbon source and can increase water and nutrient retention. Most studies on the 

effectiveness of biochar for these purposes have been conducted in temperate agroecosystems, 

but few studies examine effects of biochar on soil properties in croplands of the desert southwest 

U.S. Therefore, the purpose of this research is to deepen understanding of effects of carbon 

inputs (i.e. biochar and compost) to retain more water and provide plant-available nutrients in an 

irrigated desert cropland. 
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CHAPTER 1: OVERVIEW OF PRESENT STUDY 

 

The description and details of previous literature, materials, methods, results, and 

conclusions for this research are presented in chapter 2 and appendix A, B, and C with appendix 

A, B, and C presenting the unpublished manuscripts. Supplementary data and results that are not 

included in the unpublished manuscripts are presented in Appendix D and Appendix E. 

The following presents an explanation of the dissertation format, the problem and 

motivation, conclusions, and research implications. 

 

1.1 Description of dissertation format 

 

This research project is presented as several research studies comprised as one chapter 

(Chapters 2), and three unpublished manuscripts (Appendix A, B, and C) that are described 

below. 

 

Chapter 2, Linking soil health assessment and management to retain water in desert 

croplands, is an introduction that synthesizes key linkages between management practices to 

improve soil health and soil water retention in desert croplands. This chapter briefly mentions 

biochar, which will be further introduced in the following chapters. 

 

Appendix A, Contrasting effects of biochar application rate in an alkaline desert cropland 

soil, is a manuscript that has been submitted to Journal of Arid Environments. The objective of 

this manuscript was to introduce biochar as a potential solution to retain water and nutrients in a 

desert cropland soil by quantifying greenhouse-scale effects of increasing biochar application 
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rate on soil water and nutrient retention in a cropland soil from Tucson, Arizona. I evaluated 

effects of six biochar application rates added to a sandy loam soil on nitrogen gas losses, 

available nutrients (nitrate, ammonium, and phosphate), nutrient leaching losses, and capacity for 

soil to store plant-available water. Overall, I found that low biochar application rates reduced 

nutrient retention while higher biochar application rates (>4% by wt.) increased nutrient 

retention. In addition, plant-available water did not begin to increase until biochar rate was 

greater than 4% (81 t ha-1). Based on the results of this study, the 4% application was used in the 

field study. 

  

Appendix B, Soil water retention, available nutrients, and wheat growth in response to 

biochar inputs in a desert cropland, is an unpublished manuscript that is prepared for submission 

to Field Crops Research. The goal of this manuscript is to compare field-scale effects of 

untreated biochar with compost, co-composted biochar, and compost alone as a control on the 

ability of soil to retain water, provide plant-available nutrients, and grow crops with low, 

medium, and high frequency irrigation. This study was conducted for two years.  

 

Appendix C, Irrigation frequency effects on water-stable macroaggregates in biochar 

and co-composted biochar amended soil, is an unpublished manuscript that quantifies effects of 

biochar and compost inputs on water-stable soil macroaggregates (0.25 mm – 2.00 mm) in a 

desert cropland receiving different levels of irrigation frequency. Water-stable soil aggregates 

retain nutrients, reduce wind and water erosion, and provide pore space for water to collect. 

However, cropland disturbances such as field traffic and irrigation have been shown to have a 

larger effect on soil macroaggregates. Therefore increasing the number of water-stable 
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macroaggregates in desert croplands can have multiple benefits. Because organic amendments 

such as compost and biochar can improve multiple factors that improve soil aggregation, the 

effects of these cropland inputs on water-stable macroaggregates were quantified. 

 

1.2 Description of the problem and motivations 

 

Considering that the climate of the southwestern United States allows optimal year-round 

growing conditions and provides many of the specialty crops (i.e. wine grapes, leaf lettuce) to 

feed the nation (Elias et al., 2015), maintaining and improving water retention and nutrient 

availability of soils in this region are essential for sustaining cropland production. This is 

especially critical when we consider that the region is experiencing ongoing droughts and hotter 

summers (Prein et al., 2016; Udall and Overpeck, 2017; Frankson et al., 2022). Soil management 

practices that increase water and nutrient retention differ from those that are successful in wetter, 

more temperate agroecosystems. Management practices in desert croplands need to focus on 

preserving soil structure, building long-lasting forms of soil organic matter, and protecting the 

surface of bare soils. In particular, improving soil organic matter content through the use of 

organic matter amendments tends to provide only short-term effects because organic matter 

breaks down quickly in arid environments (Wildung et al., 1975; Austin et al., 2004). One 

potential long-lasting organic amendment for enhancing soil water and nutrient retention in arid 

croplands is biochar. 

 

Biochar is an organic soil amendment that has been shown to increase plant-available water 

and nutrient retention in desert soils (Arif et al., 2016; Li et al., 2018; Edeh et al., 2020). Biochar 
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is produced through a pyrolysis process in which organic materials of recent biological origin are 

decomposed at high temperatures (> 300 °C) in a low-oxygen environment (Lehmann, 2007). This 

process results in a material made of mainly condensed aromatic carbon that remains relatively 

stable in soil (Glaser et al., 2001). The structure of biochar contains many pores and a large surface 

area with high charge density that contribute to water and nutrient retention (Liang et al., 2006; 

Bakshi et al., 2016; Liu et al., 2017). Studies show that biochar has variable effects on soil 

structure, specifically soil water-stable aggregates that reduce erosion upon wetting (Islam et al., 

2021). 

 

Currently, there are few resources about best management practices for biochar use as a 

soil input in the Southwest US despite the potential benefits observed in other world regions. 

One major concern for potential biochar users is that there is little information about appropriate 

application amounts for field-scale applications. For example, a meta-analysis by Razzaghi et al. 

(2020) found that the capacity for soil to store plant-available water, that is, water retained in soil 

pore spaces large enough for plant roots to reach, changes at different rates as biochar application 

rate increases, leading to inconsistent or minimal changes in plant-available water. 

 

Furthermore, biochar has been shown to have positive and negative effects on available 

nutrients when added to soils (Clough et al., 2013; DeLuca et al., 2015; Glaser and Lehr, 2019). 

These effects are dependent on biochar and soil characteristics. Alkaline soils, similar to those in 

Southern Arizona, have been shown to have greater disparities in nutrient availability following 

biochar application (Glaser and Lehr, 2019). For example, a meta-analysis by Sha et al. (2019) 

found that nitrogen loss through ammonia volatilization increased in alkaline soils when biochar 
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was added a rates exceeding 35 t ha-1. Therefore, more information is still needed to determine 

whether increasing biochar application rates cause proportional (i.e., linear) improvements in soil 

water and nutrient retention in alkaline cropland soils. 

 

Modifying biochar through composting (co-composted biochar) may reduce these short-

term negative effects and potentially increase nutrient availability of compost and the soil to 

which the co-composted biochar is added (Dias et al., 2010; Hagemann et al., 2017; Cooper et 

al., 2020). In addition, biochar and co-composted biochar have been shown to increase grain 

yield (Albuquerque et al., 2013; Laghari et al., 2016). Because Arizona has the third largest 

harvest area of durum wheat in the United States and produces the highest bushel per acre 

(USDA-NASS, 2020), biochar may be a tool to increase wheat grain yield. Increases in grain 

yield per area, even as low as 5%, can have major effects on grain contributions to local 

economies (Duval et al., 2016).  

 

Therefore, the goals of this dissertation research are to (1) synthesize management 

practices, including biochar application, that will improve soil structure, organic matter content, 

and surface protection in hot desert croplands, (2) quantify greenhouse-scale effects of biochar 

application rate as a long-lasting organic matter amendment to improve capacity for soil to retain 

water and nutrients, (3) compare field-scale effects of biochar and compost amendments on 

wheat growth and nutrient availability in a cropland receiving different levels of irrigation 

frequency, and (4) determine effects of these soil amendments and irrigation treatments on soil 

water-stable aggregate formation.  
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1.3 Conclusions and research implications 

Cropland management practices that focus on preserving soil structure (i.e. water-stable 

aggregates), increasing soil organic matter, and protecting the soil surface will help to regulate 

soil water retention. Organic matter amendments can improve each of these factors, but the 

success of organic amendments can be short-lived in soil. Therefore, effects of a long-lasting soil 

amendment called biochar were tested at multiple scales to deepen understanding of biochar as a 

potentially viable desert cropland input to retain water and nutrients, provide available nutrients, 

and increase wheat growth. This results of this dissertation provide information about effects of 

applications of a commercially available biochar and co-composted biochar in an alkaline sandy 

loam soil. This information will be useful for farmers and other land managers, compost 

producers, environmental managers, and even policy-makers as biochar popularity is increasing. 

The greenhouse-scale results of this research indicate that planning field applications of 

biochar must account for counterintuitive effects of application rate to maximize biochar benefits 

while avoiding detrimental effects to crops and the environment. In the greenhouse-scale study, 

an application rate of soft-wood biochar produced in a modified biomass reactor at 760 °C 

needed to be greater than 4% (w/w; ~81 tons per hectare) to improve water and phosphate 

retention in an alkaline sandy loam soil. A thorough examination of the cost-saving opportunities 

through biochar use will help to promote adoption of biochar at adequate application rates at 

larger scales because biochar is currently costly. In addition, the 4% biochar rate has not been 

tested in field conditions in the southwestern U.S. prior to this research. 

Co-composting biochar with dairy manure and wood chips increased compost nutrient 

content compared to compost without biochar. This enhanced nutrient content improves the 

overall compost quality and may offer greater soil fertility benefits when applied to croplands. In 
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addition, the duration of the composting process was nearly cut in half for the co-composted 

biochar. This detail is useful for compost manufacturers because they will be able to move 

materials through their facility more quickly. 

According to the results of the field study, the effect of biochar amendments on soil 

plant-available nutrients must be monitored following soil applications. Biochar amendments 

cannot replace nutrient fertilizers, but they may be used in tandem. Furthermore, possible soil 

nutrient deficiencies (i.e., phosphate) must be monitored to detect when additional fertilizer is 

required. 

The results of this research indicate that biochar amendments can improve grain yield for 

multiple years after one application, but only when irrigation frequency is high. Furthermore, one 

acre of cropland commonly experiences several crop rotations in Arizona, therefore it is likely 

that a biochar application can benefit yield of other crops in rotation. However, this may lead to 

greater fertilizer requirements in subsequent years to ensure nutrients deficiencies do not limit 

plant growth. In addition, increased yield per acre may allow a grower to cultivate and irrigate 

less land while maintaining total yield.  

 As biochar grows in popularity in Arizona and the southwestern U.S., research 

studies such as these will contribute to cropland management practices involving biochar. While 

several cropland management practices can be used to improve soil water retention, combining 

biochar use with these practices may lead to greater soil health and crop productivity. 
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CHAPTER 2: INTRODUCTION 

 

Linking soil health assessment and management to retain water in desert croplands 

 

Abstract 

With water resources declining in the southwestern United States, many croplands are being 

fallowed because they lack irrigation water. Considering that many specialty crops are grown in 

this region, solutions are needed to continue growing crops while depending less on irrigation 

water. Improving soil water retention may help to relieve cropland reliance on irrigation water. 

However, soil health management practices that improve water retention in temperate regions may 

need to be adjusted for irrigated desert croplands. Management practices with a focus on building 

soil structure, incorporating and preserving soil organic matter, and protecting soil surfaces will 

benefit soil water retention in desert croplands. Furthermore, involving farmers and other land 

managers in research on improving soil water retention through the use of soil health management 

practices in desert croplands will be essential to produce solutions that are usable, sustainable, and 

economically feasible.  

 

2.1 Introduction 

Maintaining and improving soil water retention are essential for sustaining cropland productivity 

in drylands that cover roughly 41% of the Earth’s terrestrial surface (Millennium Ecosystem 

Assessment, 2005). Many drylands are becoming drier due to climate change. The southwestern 

United States, in particular, is experiencing ongoing droughts and hotter summers (Prein et al., 

2016; Udall and Overpeck, 2017; Frankson et al., 2022). Consequently, a major source of water in 
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the region, the Colorado River, is experiencing lower flows in the context of historical over-

allocation (Udall and Overpeck, 2017; Kuhn and Fleck, 2019). Because of these issues, farmers 

who depend on Colorado River water for irrigation are reducing their water use, including those 

in Arizona (Davis, 2021). The Lower Basin Drought Contingency Plan Authorization Act was 

enacted, implementing the Lower Basin Drought Contingency plan that requires agricultural water 

users, including those in Pinal County, Arizona, to decrease their Colorado River water use by 

~30% due to decreased water levels in main reservoirs (USBR, 2019; Francom, 2021). In other 

parts of the state, groundwater overuse is expected to exacerbate land subsidence and fissuring as 

groundwater levels decline (Conway, 2015). Given the dramatic decline in availability of Central 

Arizona Project (CAP) water for agriculture in Central Arizona, it is worth examining alternative 

management options. One potential solution to relieve cropland reliance on water while 

maintaining crop production is to improve soil water retention. 

 

Improving soil water retention to adapt to worsening water scarcity is a fundamental component 

of soil health that needs to be assessed and managed in arid regions. Soil health refers to a soil’s 

ability to provide multiple ecosystem functions including sustaining plant, animal, and human 

health (adapted from Doran and Parkin, (1994)). The ability of cropland soils to retain water for 

growing food and fiber is implicit in this definition. Croplands in deserts of the southwestern US 

can have inherently low water retention because they typically have poor soil structure, very high 

or very low water infiltration rates, high evaporation rates, and generally low water-holding 

capacity (McAuliffe, 1994). In addition, croplands located in floodplains may be compacted from 

years of conventional farming practices, so water retention problems may also be related to low 

water percolation and low infiltration rate. 
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To make the most efficient use of irrigation water in desert croplands, increasing water retention 

of these soils through the use of “soil health management practices” has been considered as a main 

solution. However, recommended management practices to improve soil water retention may need 

to be adjusted for desert agroecosystems. Furthermore, implementing solutions might not be 

economically justifiable (Mpanga et al., 2020).  

 

Therefore, we ask, how do we improve soil water retention through soil health management in 

desert croplands? The first goal of this paper is to identify key factors of soil water retention that 

are specific to desert agroecosystems. The second goal is to explore how best to link these factors 

to specific management practices that may help reduce cropland dependence on irrigation water. 

We will (a) discuss current soil health assessment and management practices in relation to desert 

soils, (b) propose management practices to improve soil water retention, and (c) define roles of 

stakeholders (i.e. farmers and other land managers) and researchers in advancing co-produced 

knowledge of desert cropland management.  

 

2.2 Current soil water retention assessment  

Working together, land managers and researchers can determine what component of the soil needs 

improvement in order to regulate water retention by first assessing the soil. Working together 

promotes trust and community building between researchers and local farmers and other land 

managers. We use the phrase “regulate water retention” as cropland soils can be (1) sandy and lose 

water too quickly, (2) clayey and retain too much water, then shrink as they dry, and (3) too 

compacted so that water cannot enter the soil profile.  
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Assessments specific to water retention will quantify infiltration rate, available water-holding 

capacity, hydraulic conductivity, organic matter, and water-stable aggregates. In addition, select 

measurements chosen by farmers and other land managers have been shown to be equally as 

valuable as formal laboratory assessments (Lima et al,. 2013). As an example, rice farmers in 

Brazil chose four soil quality indicators out of a list of 29 to measure their soil quality. When 

researchers measured the four quality indicators, soil quality was found to be similar to the quality 

they measured by all 29 soil quality indicators featured in the study (Lima et al., 2013). In other 

words, experienced farmers can provide judgement on assessments of soil health. Given this 

information, farmers and researchers working together may save laboratory analysis costs.  

 

2.3 Soil health components to improve water retention specific to hot desert soils 

Soil management practices have been studied for decades following devastation from the 1930’s 

dust bowl. “Soil health” is a newer term that focuses on sustainable practices that preserve the 

capacity for a soil to provide essential ecosystem services. Management practices for hot desert 

soils to improve soil water retention need to focus on building soil structure (i.e. water-stable 

aggregates), incorporating organic matter into soil, and prioritize soil surface protection (Fig. 

1). 

 

Improving soil structure by building water-stable aggregates will lead to stable pore space for 

water to collect while preventing soil erosion. Increasing soil aggregate water-stability in desert 

soils involves managing several interacting components including organic matter, inorganic 

carbon, and sodicity. While no-till and reduced tillage are generally considered beneficial for 
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improving soil structure, stabilizing organic matter within aggregates, and reducing machine 

running costs (Six et al., 1999; Balesdent et al., 2000; Creech, 2021), burial of organic matter by 

tillage can be useful for incorporating plant residue and soil amendments to avoid decomposition 

by photodegradation in arid climates (Plaza-Bonilla et al., 2010; Austin and Vivanco, 2006). In 

addition, inorganic carbon and calcium can play a major role in stabilizing soil aggregates in arid 

soils (Clough and Skjemstad 2000; Boix-Fayos et al., 2001; Sanderman, 2012). However, thick 

layers of calcium carbonate can form and restrict plant root growth, which may require tillage. Soil 

sodicity also greatly affects aggregation. Unfortunately, salt accumulation can occur in irrigated 

croplands with high evaporations rates (Eaton, 1942; Frisvold et al., 2018).  

 

Soil organic matter often receives the most attention for its ability to improve soil water retention 

and improve aggregate stability in temperate soils. Composition of the organic matter addition 

plays a role in longevity in soil and carbon-soil feedbacks. More specifically, organic matter 

containing more recalcitrant carbon (i.e. biochar) will last longer in soil than organic matter 

containing more labile carbon (manure), but may not enhance soil processes as much. Regarding 

carob-soil feedback, organic matter containing more labile carbon will provide energy for soil 

microorganisms to create aggregate binding substances that improve soil structure as well as 

nutrients for plants that will increase their biomass.  

 

Providing physical protection to soil can also improve soil water retention. Leaving crop residue 

atop soil can reduce evaporation and preserve soil structure by protecting soil from wind and water 

erosion, evaporation, and extreme temperatures (Bond and Willis, 1969; Wienhold et al., 2013). 
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However, there is a possibility that crop disease can be transferred to the crop of the following 

year. The decision to incorporate plant residue into soil may be based on whether or not a cropland 

will be fallowed. More specifically, residue left on the surface may provide soil protection during 

fallow periods, but new seeding equipment may be required in order to insert seeds into soil 

covered by plant residue.  

 

Surface sealing can occur after wetting and drying of soils with poor aggregate stability. Sealing 

leads to reduced water evaporation from subsurface soil, but also reduces infiltration that promotes 

pooling and evaporation from water stuck on the soil surface. In contrast, biological surface crusts 

can form and improve water infiltration, but they can also maintain water evaporation for longer 

as crusts stay wet and prevent a dry crust from forming (Xiao et al., 2020). Mulching can also 

reduce evaporation whether woodchips, green manure, or “living mulch” is used. 

 

2.4 Management practices to improve soil water retention 

Management practices specific to soil health are well recorded in Midwestern US (Cano et al., 

2018; Cappellazzi et al., 2021). However, because popular solutions to improve soil water 

retention need to be adjusted for their application in desert croplands, soil researchers need to foster 

relationships with stakeholders, farmers, and other land managers to ensure solutions are 

logistically feasible, sustainable, and economically viable.  

 

Regarding management practices, organic matter amendments and cover crops can help increase 

water retention and improve soil aggregate water stability (Rawls et al., 2003; Gravuer et al., 2019; 
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Lal, 2020; Table 1). These practices are commonly promoted. However, organic matter 

decomposes much faster in hot irrigated croplands than in cooler climates (Wildung et al., 1975; 

Austin et al., 2004) and cover crops, if not chosen carefully, may require more irrigation water that 

would negate the soil water retention benefits that the cover crops provide. Furthermore, desert 

croplands are susceptible to sodium and other salt accumulation from manure amendments and 

additional irrigation water (Sabol et al., 1987), which may cause soil disaggregation and negative 

effects on crops.  

 

Cover crops can be used in desert croplands to improve soil structure and provide surface 

protection, among many other things. While fallowing fields is one option to save water, cover 

crops can also be used with a minimal amount of extra water to improve soil quality. However, 

cover crop selection determines the success of the practice. Ideal cover crops will require little or 

no extra irrigation water and grow ample biomass. Examples of cover crops able to withstand hot, 

dry conditions include cowpea, lablab, sesbania, sudangrass, and pearl millet (Wang and Nolte, 

2010). Lastly, growing cover crops is a USDA EQIP incentivized practice (Table 1).  

 

Gypsum application is also a USDA EQIP incentivized practice and an effective tool for reducing 

sodicity (Qadir et al., 2001; Table 1). Exchangeable calcium provided by gypsum can improve 

organic matter retention within aggregates (Clough and Skjemstad, 2000). Because Arizona 

contains gypsum deposits (Garcia et al., 2021), transportation costs for material may be low. A 

recent study estimated the cost of applying one ton of gypsum per acre to be $42.87/acre, which 

includes transport and application cost (Batte and Forster, 2015).  
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Oatman Flats Ranch in Gila Bend, AZ, successfully implemented a cover cropping practice by 

choosing native grasses and heritage wheat varieties, all of which require little water, provide 

vegetative soil cover, and are used in high demand products. They grow native, drought-adapted 

plants as windbreaks and to harvest. In addition, they apply manure-based compost when necessary 

to boost nutrients. The land managers focus on reducing soil disturbance by not tilling or removing 

crop residue. The crop residue also provides soil cover for wind, sun, and precipitation protection. 

For this, they have a no-till seeding machine. In return, they say their soil retains more water and 

the company saves fuel costs (Creech, 2021). They also qualify for conservation incentives through 

the USDA Environmental Quality Incentives Program (EQIP), but they do not apply; they explain 

that the process is time-consuming and not worth the extra money.   

 

2.5 Support for implementing management practices 

Many farmers and other land managers are aware of or have been involved with soil health 

research. On the other hand, many soil scientists are not involved with cropland management. This 

involvement is essential to further research, guidance, and feasibility of soil management practices 

in desert croplands because it promotes the co-production of knowledge and results in usable 

information (Reed et al., 2014).  

 

One solution is engagement with U.S. Cooperative Extension System (USCES) faculty, who often 

have opportunities to work with farmers and other land managers at a local level to determine 

which management practices can be implemented. Often, USCES faculty rely on using surveys to 

learn needs and interests of farmers and other land managers. Others may be directly involved with 
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grower organizations. However, USCES funding is limited (Brugger & Crimmins, 2015) so this 

may not be a broad-scale solution. 

 

The USDA National Resources Conservation Service provide fact sheets about each soil 

management practice. Tailoring fact sheets like these to share information specific to desert 

croplands and also providing an overview of costs for each practice will help to improve 

accessibility of each practice. In addition, The Nature Conservancy provides a road map for 

improving soil health while taking into consideration collaborations and economic feasibility 

(Doane et al., 2016). Researchers can use this road map to better communicate with stakeholders 

including farmers and other land managers.  

 

2.6 Conclusion 

Considering the croplands need to reduce their reliance on irrigation water as water resources 

decline in the desert Southwest U. S., improving soil water retention through the use of soil health 

management practices is a potential solution. Cropland management practices need to focus on 

preserving soil structure, building soil organic matter, and protecting soil surface. By working 

together, researchers and farmers or other land managers can regulate soil water retention to make 

what water we do have go further. 
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Table 2.1. Brief summaries of several cropland management practices and their effect on soil water retention 

 Direct Soil Amendments Cropland management practices 
 Manure Compost Biochar Gypsum Cover Crops No-till/reduced till 

Description Labile organic 
matter source 

Partially labile 
organic matter 

source 

Recalcitrant organic 
matter source 

Hydrated calcium 
sulfate 

Growing crops 
between seasons of 

annual crops or 
physically between 

crops 

Refraining from 
rearranging soil 
before and after 
cultivation or 

avoiding  deep 
inversion tillage 

Water-related 
Benefits 

Improves soil 
structure (bulk 

density and water-
stable aggregates) 

and regulates water 
retention (relatively 

short-term) 

Improves soil 
structure (bulk 

density and water-
stable aggregates) 

and regulates water 
retention (relatively 

short-term) 

Long-lasting soil 
water retention 

Improved water 
percolation  and soil 

structure 
 

Provides surface 
protection and 
increases soil 
organic matter 

thereby contributing 
to soil structure 

Preserves soil 
structure and crop 
residue atop soil 

reduces soil water 
evaporation 

Consequence Salt accumulation; 
pathogen 

opportunity; 
ongoing labor; Must 
disrupt soil to apply 

Potential salt 
accumulation; 

ongoing labor; must 
disrupt soil to apply 

Currently costly, 
some negative soil 

and crop effects 
reported, Must 

disrupt soil to apply 

Must disrupt soil to 
apply 

Ongoing labor & 
costs 

Compacted soils  & 
CaCO3 layers may 
be present in soil; 
organic matter not 

incorporated 
beyond surface 

Cost  
(Estimated for 1 
acre for one 
application or 
season) 

Often free; possible 
shipping costs; 

ongoing labor costs 

$40/yd + shipping; 
ongoing labor costs 

Averaging $1,032 
USD per ton or 

~$84,000 USD per 
ha when applied at 

81 t ha-1; (US 
Biochar Initiative, 
2018); one-time 

labor cost for 
application 

$42.87/acre which 
includes transport 

and application cost 
(Batte and Forster, 

2015) 

Seed costs; labor; 
machine costs for 

planting + mowing 

Reduces costs;  
New equipment 
(i.e. no-till seed 

drill) may be 
required 

Incentive NRCS Practice 590 NRCS Practice 590 
+ 808 

NRCS Practice 808 NRCS Practice 333 NRCS Practice 340 NRCS Practice 345 
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Figure 2.1. Components regulating soil water retention in arid soils are presented in solid colored 

boxes. Management practices associated with the components are in white boxes and arrows 

indicate direct relations.  
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Figure 2.1 
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Abstract 

Improving water and nutrient retention in desert croplands using soil organic amendments can be 

a major challenge because organic matter decomposes quickly under irrigated conditions in a hot 

climate. Biochar—a long-lasting carbon-rich soil organic amendment—has been proposed to 

improve soil water and nutrient retention, but only by carefully selecting an appropriate application 

rate. To better understand effects of biochar application rate on soil water and nutrient retention in 

desert croplands, we set up a mesocosm-scale experiment with biochar added at rates of 0%, 1%, 

2%, 4%, 6%, and 8% (by wt.) to an alkaline, sandy loam soil. After initial water retention 

measurements, we added fertilizer and then measured gaseous nitrogen losses as well as soil nitrate 

(NO3
-) and phosphate (PO₄³⁻) leaching. Then, we measured biochar’s effect on the soil’s capacity 

to hold plant-available water (i.e., available water capacity, or AWC) using Tempe cells and a 

dewpoint potentiometer. We found contrasting effects of low and high biochar application rates. 

First, we found that applying a minimum of 4% biochar was necessary to improve soil water and 

PO₄³⁻ retention; application rates below 4% exacerbated PO₄³⁻ leaching whereas treatments above 

4% improved AWC by up to 34% compared to the control treatment. While biochar application 

rate did not affect soil nitric oxide or ammonia emissions, we did find that low biochar application 

rates increased soil nitrous oxide emission while higher application rates reduced emission 

compared to soil with no biochar. Overall, we found that lower and higher rates of biochar 

application can have contrasting effects on soil water and nutrient retention in an alkaline, desert 

cropland soil. Therefore, farmers and other land managers must consider potential drawbacks of 

lower application rate and threshold responses of higher application rates prior to large-scale 

biochar use in arid agroecosystems. 
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Highlights 

1. Available water only increased when biochar application rate exceeded 4%. 

2. Biochar application rates determine net increase or decrease in soil N2O emission. 

3. Low biochar rates increased phosphate leaching while high rates reduced leaching.  

4. Biochar increased soil nitrate and phosphate but did not reduce nitrogen losses. 
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1. Introduction 

Given that the southwestern United States provides over half of the specialty crops to feed the 

entire nation (Elias et al., 2015), it is vital to maximize use of water and fertilizer in croplands in 

this region. Crop yield in arid climates is often limited by water and nutrient availability (Skujiņš, 

1981; Elias et al., 2015). Organic amendments can improve the capacity for soils to provide plant-

available water and nutrients by increasing organic matter and improving soil structure (Gravuer 

et al., 2019), but most types of organic matter do not persist in arid climates (Austin et al., 2004). 

One potential long-lasting organic amendment for enhancing soil water and nutrient retention in 

arid croplands is biochar.  

 

Biochar is a chemically complex, carbon-rich organic soil amendment that can improve water and 

nutrient retention in desert soils (Artiola et al., 2012; Omondi et al., 2016). Organic materials of 

recent biological origin, such as wood or grass, are converted to biochar through pyrolysis—the 

rapid thermal decomposition of biomass in a low-oxygen environment (Lehmann, 2007). 

Improved soil water retention following biochar application has been attributed to biochar’s porous 

structure and its effect on soil porosity (Liu et al., 2017). Although higher application rates of 

biochar increase these benefits, improvements in soil’s capacity to store plant-available water are 

not necessarily proportional to biochar application rate; a meta-analysis found that available water 

capacity of coarse-textured soils only increases once biochar application rates exceed 30 t ha-1 

(Edeh et al., 2020). These non-proportional increases in plant-available water are influenced by 

soil texture, biochar particle size, and its effect on soil aggregation (Villagra-Mendoza and Horn, 

2018; Razzaghi et al. 2020). 
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Improved soil nutrient retention is often attributed to biochar’s large surface area and surface 

chemistry (e.g., high charge density and oxygen-containing functional groups; Liang et al., 2006; 

Banik et al., 2018). Furthermore, because nutrients such as nitrate and phosphate sorb to biochar 

(Yao et al., 2012; Hagemann et al., 2017), biochar can potentially improve fertilizer retention by 

reducing runoff, leaching, and gaseous losses (Laird et al., 2010; Cayuela et al., 2014). Biochar 

can also enhance soil aggregation, which can further increase water and nutrient retention (Omondi 

et al., 2016; Blanco-Canqui, 2019; Islam et al., 2021). Therefore, biochar may provide a solution 

to improve the capacity for arid cropland soils to retain water and nutrients.  

 

Biochar benefits are not without limits, however. Detrimental effects of biochar on water and 

nutrient retention related to application rate also need to be considered. For example, Sha et al. 

(2019) found that nitrogen loss through ammonia volatilization increased at biochar application 

rates exceeding 35 t ha-1 (roughly 1.75% by weight) in alkaline soils, indicating the potential for 

greater gaseous nitrogen losses at higher application rates. In addition, Razzaghi et al. (2020) found 

that soil water retention parameters that are related to plant-available water change at different 

rates as biochar application rate increases, leading to inconsistent or minimal changes in plant-

available water. Also, a limited number of studies found contrasting effects of biochar on 

phosphate leaching and runoff, but all biochar application rates were below 2% (w/w; Ippolito et 

al., 2011; Yao et al., 2012).  Therefore, more information is still needed to determine whether 

increasing biochar application rates cause proportional (i.e., linear) improvements in soil water 

and nutrient retention in desert cropland soils. 
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Farmers and land managers now need to know more about the effects of different biochar 

application rates prior to field-scale applications in desert cropland soils in order to maximize 

benefits to soil water and fertilizer efficiency while minimizing costs. Although biochar’s 

popularity has grown in the past decade in west Texas, southern New Mexico, southern Arizona, 

and southern California, there remains a lack of consensus regarding recommended biochar 

application rates for desert croplands. Studies in this desert region have found variable effects on 

soil water and nutrient retention following biochar application (Artiola et al., 2012; Gebhardt et 

al., 2017; Fehmi et al., 2019; Espinosa et al., 2020). For example, 4% biochar (by soil weight) 

increased plant-available water in these studies except at a heavily disturbed site (Espinosa et al., 

2020). Because biochar is currently very expensive in the US (averaging $1,032 USD per ton; US 

Biochar Initiative, 2018), more information is needed about its capacity to improve soil water and 

nutrient retention at application rates less than 4% to be more applicable to field-scale users in 

desert croplands. In addition, biochar application rates greater than 4% may offer greater 

improvements to soil water and nutrient retention that will reconcile the cost, but effects of higher 

application rates are unknown. 

 

Therefore, the goal of this study was to quantify effects of increasing biochar application rate on 

soil water and nutrient retention at an experimental farm in the desert southwestern US. We asked 

three specific questions to advance understanding of biochar effects in alkaline desert cropland 

soils. First, does increasing biochar application rate cause a linear increase in the capacity of a 

sandy loam soil to store plant-available water? Based on results from previous studies, we expected 

that plant-available water capacity would show more of a non-linear threshold response. Second, 

does increasing biochar application rate cause a proportional decrease in N losses after fertilizer 
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application associated with leaching and gas emissions? And third, after fertilization, do higher 

biochar application rates proportionally decrease phosphate mobility? We expected that increasing 

biochar application rate would proportionally decrease nitrate and phosphate leaching as well as 

N gas emissions because of biochar’s ability to adsorb nutrients. To answer these questions, we 

set up a greenhouse pot-scale experiment using an alkaline, sandy loam agricultural soil with a 

variety of biochar application rates.  

 

2. Materials and methods 

2.1. Soil description 

Soil was collected to a depth of 15 cm in a fallow field at the University of Arizona Campus 

Agricultural Center in Tucson, Arizona, USA (32°16'56.4"N, 110°56'50.3"W). This soil is 

classified as a Typic Torrifluvent (Glendale soil series; Soil Survey Staff, 2012). Soil was dry-

sieved using a 1.0 cm sieve to remove large rocks. Soil texture was measured using a hydrometer 

as described in Gee and Bauder (1986). To prepare for texture analysis, soil samples were blended 

with sodium hexametaphosphate and sonicated as described in Aller et al. (2017). This soil, on 

average, contained 53.1% sand, 11.0% clay, and 35.9% silt, which is categorized as a sandy loam.  

 

2.2. Biochar description 

We used biochar from Pacific Biochar (Santa Rosa, CA). The biochar product (Blacklite Pure, 

1/4” minus) is made from mixed softwood forestry residue in a modified biomass reactor at 760 

°C for approximately 10 minutes. To characterize the biochar, pH and electrical conductivity were 

measured in slurries of ten parts deionized water to one part biochar after shaking at 180 rpm for 



 

51 
 

24 h. Specific surface area (SSA) of oven-dried biochar was measured in triplicate using the 

ethylene glycol monoethyl ether (EGME) method modified specifically for biochar materials 

(Bakshi et al., 2016). Volatile matter, organic carbon, carbonate, and ash content were measured 

at a commercial laboratory (Control Laboratories, Watsonville, CA). The biochar’s pH, electrical 

conductivity, specific surface area, water-holding capacity, and volatile matter, organic carbon, 

carbonate, and ash content are presented in Table 1. 

 

2.3. Soil-biochar column set-up 

To evaluate changes in soil water retention and nutrient losses at various biochar application rates, 

biochar was added to soil at rates of 0% (i.e., control treatment), 1%, 2%, 4%, 6%, and 8% based 

on mass (w w-1 of oven-dry material). First, we mixed horse manure into soil using a small cement 

mixer. The amount of horse manure added was based on a recommendation in Ottman and 

Thompson (2006) to add 168-336 kg N ha-1 throughout a season of growing small grains in 

Arizona. We used a portion of the lowest application rate (100 kg N ha-1) to better detect 

differential effects of biochar when more fertilizer was added later. Next, we mixed the appropriate 

amount of biochar into soil subsamples using the cement mixer.  

 

Soil-biochar mesocosms, henceforth referred to as “columns”, were constructed from 10.1 cm-

diameter Schedule 40 ABS pipe cut into 25-cm sections. A Schedule 40 PVC endcap was attached 

to one end of the pipe with PVC cement to seal the bottom. PVC end caps had one small hole 

drilled in the center (with 3-mm barbed fitting) to allow water drainage. To minimize soil and 

biochar loss from the bottom of each column, a plastic mesh was placed above the fitting. Beach 

sand was added above the mesh to fill the endcap before adding soil and to prevent soil from 
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clogging the drainage hole. Petroleum jelly was used to coat the inside of columns to decrease 

preferential flow in potential gaps between soil and inner surface of columns (Feyereisen and 

Folmar, 2000). Columns were filled with soil and biochar mixtures that contained equal masses of 

964.3 g soil (oven-dry equivalent). Columns were kept in a greenhouse with temperatures reaching 

a maximum of 22 °C during winter and 34 °C during summer. 

 

To measure moisture at field capacity in each column, soil water content was measured after 

saturation with municipal tap water and 24 h of free drainage. The water (pH 7.26) contained 0.03 

mg L-1 of phosphate and 1.21 mg L-1 of nitrate. To saturate soil without trapping air bubbles, water 

was added from the bottom by attaching tygon tubing to the column’s 3-mm barbed fitting. The 

tygon tubing was connected to a 20-L bucket of municipal tap water. The bucket was situated with 

its water level roughly 2 cm higher than the soil surface to allow water to flow upward in columns 

to reach hydraulic equilibrium. After 24 h, tygon tubes were detached from columns and water 

was allowed to drain freely for 24 h to release water held in soil macro-pores thereby reaching 

field capacity. Soil mass in each column was recorded at this point to determine column-scale field 

capacity. To monitor soil water content, column mass was measured three times each week as well 

as immediately prior to each gas measurement and leaching event. Soil bulk density was measured 

before each gas measurement and at the end of the study to calculate column-specific headspace 

volume for gas measurements. Because unsaturated pore space is a critical factor in soil gas 

production as it provides gaseous exchanges, water-filled pore space (WFPS) was calculated from 

soil water content and bulk density prior to gas measurements.  
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Diammonium phosphate fertilizer was added to soil to investigate effects of biochar application 

rate on nitrate and phosphate losses. Fertilizer was first applied 3 months after mixing biochar and 

soil to distinguish fertilizer effects from biochar’s initial sorption of soil and manure components 

(Clough et al., 2013). The second fertilizer application was 8 months after mixing biochar with 

soil to separate effects of the first fertilizer application from the second application. To apply 

fertilizer, water was added to soil until the column’s water volume was 50 ml less than water 

content at field capacity, thereby providing capacity for 50 ml of fertilizer solution without 

exceeding field capacity. Next, 7.62 g L-1 of diammonium phosphate fertilizer solution was added, 

which delivered 198 kg N ha-1 and 109 kg P ha-1 to each column.  

 

2.4 Nutrient retention 

2.4.1. Gas fluxes 

To assess soil N losses through gaseous emission and potential N uptake after fertilizer application, 

we measured ammonia (NH3), nitrous oxide (N2O), nitric oxide (NO) fluxes using a Fourier 

transform infrared spectroscopy portable gas analyzer (Gasmet DX4040 Portable FTIR Gas 

Analyzer, Gasmet Technologies, Vantaa, Finland). Gas fluxes were measured 4 h after the second 

fertilizer application and then 1, 2, 3, 4, 7, 9, and 15 days later. Because of a technical error, gas 

measurements from after the first fertilizer application could not be used. During gas 

measurements, the greenhouse temperature ranged from 30 °C to 34 °C. To ensure that columns 

were airtight, 10-cm tygon tubing was tied in a knot and placed on the 3-mm drainage pipe at the 

bottom of each column while an airtight lid was placed on top of the column. Before gas flux 

measurements, columns were capped for 5 min to allow gas to exchange between soil and the 

enclosed headspace. Teflon tubing connected the column lid to the gas analyzer. Gas 
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concentrations were recorded every 20 s for 7 min. Gas flux rates were calculated by subtracting 

the gas concentration at the sixth minute from the concentration at the first minute of the 7-min 

period. Gas flux rates were converted to µg N kg oven-dry soil-1 day-1 and cumulative rates were 

calculated by considering emission rates as a daily averages.  

 

2.4.2. Leaching losses 

To quantify effects of biochar application rate on potential leaching and runoff of nitrate (NO3
-) 

and phosphate (PO₄³⁻), soil-biochar columns were irrigated with municipal tap water 14 and 28 d 

after the first fertilizer application, and then 15, 16, 21, and 22 d after the second fertilizer 

application. The rationale for the timing of leaching events was to allow for soil drying during the 

series of gas measurements that preceded leaching events. Leaching was induced by irrigating to 

field capacity and then immediately adding an additional 150 ml of water. Leached water was 

filtered using Whatman Grade 42 filter paper. Nitrate concentration was quantified using the 

vanadium chloride reduction method (Doane & Horwáth, 2003) and measuring absorbance  at 540 

nm on a microplate reader. Concentration of colloidal and dissolved PO₄³⁻ was quantified using 

the ascorbic acid method (Murphy & Riley, 1962) and measuring absorbance at 850 nm on a 

microplate reader. 

 

2.4.3. Post-greenhouse soil analyses 

After gas and leaching measurements were complete, soil was removed from each column by 

gently blowing compressed air through the drainage hole to push out soil while minimizing 

disruption to soil structure. Roughly 3 cm of soil was removed from the top of the aggregated soil 

to access soil in the center of the aggregated soil for analysis. Nitrate and ammonium (NH4
+) were 
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extracted from soil using 2 mol L-1 KCl. Nitrate concentration was measured using the vanadium 

chloride reduction method (Doane & Horwáth, 2003). Ammonium concentration was measured by 

preparing extracts using the Berthelot reaction method (Hood-Nowotny et al., 2010) and 

measuring absorbance at 650 nm with a microplate reader. Total carbon (C) and nitrogen (N) were 

measured using an elemental combustion analyzer (Elementar Vario MAX Cube Combustion 

Analyzer, Elementar Americas, Inc., Ronkonkoma, NY). Soil PO₄³⁻ was extracted using the Olsen 

P method for alkaline soils (Sims, 2000) and then measured using the ascorbic acid method 

(Murphy & Riley, 1962). Soil pH was measured in a 2:1 slurry with deionized water. Soil electrical 

conductivity (EC) was measured in a 5:1 slurry with deionized water.  

 

2.5 Soil water retention curves 

To assess effects of biochar application rate on this soil’s capacity to retain plant-available water, 

a soil water retention curve was created to model soil water content at field capacity (θfc) and 

wilting point (θpwp). To preserve soil structure, subsamples of the soil-biochar mixtures were gently 

cut from the aggregated soil in the region where subsamples for nutrient analysis were removed. 

Subsamples were saturated with water and then gravimetric soil water content was measured at 

pressure steps between 0 and 0.08 MPa using Tempe cells (Tuller & Or, 2004). A dewpoint 

potentiometer (WP4-T, Decagon Devices, Inc., Pullman, WA) was used to measure water potential 

greater than 0.08 MPa. 

 

We used Retention Curve (RETC) software to model soil water retention curves based on the 

observational measurements. The RETC program uses van Genuchten’s closed-form equation 

(van Genuchten, 1980) presented in Eq. 1:  
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𝜃(ℎ) = 𝜃 + (𝜃 − 𝜃 )
( | |)

          (1) 

The parameter 𝜃 is volumetric water content (cm3 cm-3) at a given pressure head, ℎ. 𝜃  is water 

content at saturation (cm3 cm-3), 𝜃  is residual water content (cm3 cm-3), 𝛼 is the inverse of air entry 

(cm-1), and 𝑛 and 𝑚 are dimensionless parameters that assist in shaping the curve. In this equation, 

m is calculated as 𝑚 = 1 − (1/𝑛). Soil water content at modeled field capacity (θfc) and wilting 

point (θpwp) were calculated at pressures of -0.033 and -1.5 MPa, respectively. Available water-

holding capacity (AWC)—the maximum amount of water that soil can store for plant use —was 

calculated as the difference between soil water content at modeled field capacity and wilting point 

(AWC = θfc - θpwp; Kirkham, 2005). 

 

2.6 Statistical analyses 

To analyze effects of biochar application rate on soil properties, linear regression analyses were 

performed using JMP software (JMP 14.2, SAS Institute, Cary, NC). Effects of treatments were 

considered to be statistically significant at an alpha level of 0.05.   

 

To analyze effects of biochar application rate and temporal trends after fertilizer application on N 

gas fluxes and WFPS, we used a standard least squares (SLS) mixed model. Outliers in N2O and 

NO data were removed for values more than three times the interquartile range (IQR). For NH3 

fluxes, many high emission values occurred on the day of fertilizer application, so outliers were 

removed for values more than six times the IQR. This removed 11%, 10%, and 2% of data points 

from N2O, NO, and NH3 data sets. Gas emission values were square-root transformed to improve 

normality of residuals. Values for WFPS were log transformed to improve normality of residuals. 

Effects of interactions between biochar application rate and temporal trends after fertilizer 
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application were considered to be statistically significant at an alpha level of 0.05. If there were no 

interactive effects, individual effects of treatment and measurement day were tested and considered 

significant at an alpha level of 0.05.  

 

Effects of biochar application rate and leaching event on leached NO3
--N and PO4

3--P were 

analyzed using separate SLS mixed models. Outliers were removed for values more than three 

times the IQR. Nitrate-N values were square-root transformed and centered and PO4
3--P values 

were log transformed to achieve normality of residuals.  

 

Effects of biochar application rate on cumulative gaseous N losses and leached NO3
--N and PO4

3-

P were examined using separate linear regression analyses. To do so, N gas fluxes for each non-

measurement day (i.e., Days 5, 6, 8, 10, 11, 12, 13, and 14) were calculated by averaging before 

and after non-measurement days. The sum of daily N gas fluxes for the 15-d period were analyzed 

using linear regression without data transformation. Cumulative leached NO3
--N and PO4

3--P were 

calculated by first multiplying the NO3
--N and PO4

3--P concentrations (mg/L) for each leaching 

event by the volume of solution leached (L) during each event. Then, the mass of NO3
--N and 

PO4
3--P were summed for each leaching event. Effects of biochar application rate on cumulative  

losses were considered significant at an alpha level of 0.05. 

 

3. Results 

3.1 Column-scale water content at field capacity 

Biochar treatments caused a statistically significant increase in soil water content at column-scale 

field capacity (Table 2). The effect was exponential with increasing biochar application rate (r2  = 
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0.99), but could also be considered linear (r2  = 0.97). Biochar application rates of 1%, 2%, 4%, 

6%, and 8% had 11%,  21%, 36%, 60%, and 98% greater water content than the control treatment, 

respectively. Soil dried more slowly with increasing biochar application rate (r2 = 0.97).   

 

3.2 Tempe Cell hydraulic properties 

In addition to column-scale water retention, biochar affected several hydraulic properties modeled 

using Tempe Cell and potentiometer data. Specifically, compared to the control treatment, θfc 

increased by 19% and 34% for treatments with 6% and 8% biochar, respectively (p = 0.01; Fig. 

1). However, θfc decreased by 9.7%, 48%, and 3.4% for treatments with 1%, 2%, and 4% biochar 

compared to the control treatment. Despite changes in θfc, effects of biochar application rate on 

θpwp were not statically significant (p = 0.37; Fig. 1). 

 

As a proxy for water available to plants, AWC decreased by 2.5%, 2.7%, and 6.5% in treatments 

with 1%, 2%, and 4% biochar, respectively, compared to the control treatment (p < 0.01; Fig. 1). 

In contrast, treatments with 6% and 8% biochar increased by 20% and 61%. 

 

Water content at saturation, 𝜃 ,  increased in treatments with 1%, 4%, 6%, and 8% biochar by 9%, 

3%, 13%, and 32% compared to the control treatment. Despite a 3% decrease in 𝜃  in the 2% 

biochar treatment, errors were small enough to make this effect statistically significant (Table 2).  
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3.3 Soil physical and chemical properties 

Biochar improved several soil properties related to water and nutrient retention. First, bulk density 

decreased linearly with increasing biochar application rate, decreasing by up to 51% with 8% 

biochar compared to the control treatment (r2 = 0.99; Table 2). Soil pH decreased with increasing 

biochar application rate (r2 = 0.82). The exception was 6% biochar that only decreased as much as 

the 2% biochar. The effect of biochar application rate on soil pH was statistically significant 

whereas the effect on soil EC was not (Table 2). Biochar application rate proportionally increased 

total soil C and C:N but did not affect total soil N (Table 2).  

 

Biochar had variable effects on extractable soil nutrients. Treatments with 6% and 8% biochar 

contained roughly 16x and 12x more NO3
- than the control treatment. While soil NO3

- 

concentration was not strongly correlated with increasing biochar application rate (r2 = 0.67), the 

effect was statistically significant (Table 2). Biochar did not affect KCl-extractable NH4
+ (Table 

2). Olsen-extractable PO4³⁻ increased in all biochar treatments except 2% biochar, which had 11% 

less PO₄³⁻ than the control treatment (Table 2). The positive response of soil PO4³⁻ to biochar was 

statistically significant (Table 2). Application rates of 1%, 4%, 6%, and 8% biochar contained 

40%, 67%, 69%, and 62% more Olsen P extractable PO4³⁻, respectively, compared to the control 

treatment. 

 

3.4 Nitrogen and phosphorus leaching  

Biochar’s effect on cumulative NO3
- leaching was not statistically significant (Table 3). Biochar’s 

effect, however, did vary over time across the sequential leaching events (Table 3). Regardless of 
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biochar application rate, the first two leaching events and the final leaching event released less 

NO3
- than other events (Fig. 2). 

 

In contrast to NO3
- leaching, biochar’s effect on cumulative PO4³⁻ leaching was statistically 

significant (Table 3). Biochar application rates of 1% and 2% leached 39% and 67% more PO₄³⁻ 

than the control treatment (Fig. 2). However, treatments with 4%, 6%, and 8% biochar leached 

3%, 47%, and 45% less PO4³⁻. While the interactive effect of leaching event and biochar 

application on leached PO4³⁻ was not statistically significant, individual effects were (Table 3). 

The 1% and 2% biochar treatment tended to leach more PO4³⁻ than the control treatment (Table 

S2). In contrast, the 6% and 8% consistently leached less PO4³⁻ than the control treatment. The 4% 

biochar treatment consistently leached similar amounts of PO4³⁻ as the control treatment. 

 

3.5 Nitrogen gas fluxes 

Biochar treatments did not affect cumulative soil NH3 fluxes (p = 0.49; Fig. 3). The single-factor 

effect of date of measurement was statistically significant, whereas effect of biochar application 

rate was not (Table 3). Soil NH3 emission was greatest on the day of and day after fertilizer 

application when averaged across all biochar treatments. While not statistically significant, 

biochar treatments showed lower NH3 emission on the day of fertilizer application compared to 

the control treatment (Table S1). The 1% biochar treatment showed the second greatest soil NH3 

emission, producing 49% less NH3 compared to no biochar (Fig. 3). Despite this initial response, 

biochar treatments emitted greater amounts of NH3 for more days than the control treatment. The 

8% biochar treatment, in particular, showed net NH3 emission on every sampling date.  
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Biochar’s effect on the cumulative soil N2O flux was marginally significant (p = 0.06) due to the 

high variability between replicates. Biochar application rates of 1%, 2%, and 4% increased soil 

N2O emission by 101%, 359%, and 214%, respectively, whereas 6% and 8% biochar reduced N2O 

emission by 182% and 129% (Fig. 3). Treatments with 0%, 1%, and 2% biochar showed net N2O 

production while treatments with 6% and 8% biochar showed net N2O consumption (Table S1). 

Although the interactive effect of biochar application rate and measurement day was not 

statistically significant, individual effects were (Table 3). On Days 2, 3, and 4, all treatments had 

a greater magnitude of N2O flux than subsequent days. After Day 4, treatments with 6% and 8% 

biochar started emitting N2O, although at relatively low rates. 

 

Biochar treatments did not affect the cumulative soil NO flux (p = 0.56; Fig. 3).  There were also 

no interactive or single-factor effects of biochar application rate or measurement day on soil NO 

flux (Table 3; Fig. 3).  

 

Overall, effect of biochar application rate on cumulative N losses was not statistically significant 

(P=0.493). The mean of all treatments is 1.67 mg N kg soil-1 (standard error = 0.86). 

 

4. Discussion 

Determining best management practices for field-scale biochar applications requires a more 

thorough understanding of how different biochar application rates affect soil water and nutrient 

retention in desert croplands. In this study, we added biochar to an alkaline desert cropland soil 

across a suite of application rates. By measuring soil water properties and nutrient losses after 

fertilization, we found that increasing biochar application rate caused a proportional increase in 
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soil water retention but not soil N retention.  Furthermore, low (1% and 2%) and high (6% and 

8%) biochar application rates had contrasting effects on plant-available water, soil NO3
- 

concentration, N2O emission, PO4
3- leaching and runoff, and Olsen extractable P.  

 

Interestingly, we found that plant-available water capacity (AWC) did not increase until biochar 

application rate exceeded 4%, whereas gravimetric soil water-holding capacity increased 

proportionally with increasing biochar application rate. Although at low application rates, biochar 

did not increase AWC, the large error bars in Fig. 1 indicate that 4% biochar is a threshold rate at 

which AWC begins to increase. While biochar itself contains nano- and micro-sized pores, higher 

biochar application rates likely provide a sufficient amount of smaller biochar particles to fill 

macropore space in sandy loam soil. This is because an application of biochar used in our study 

provided a distribution of particle sizes that includes large biochar particles (1/4” minus) that 

rearrange soil particles when mixed and smaller biochar particles that fill macropore space and 

slow or stop the downward movement of water (Villagra-Mendoza and Horn, 2018). Studies using 

smaller biochar particle size found increased AWC even at low biochar application rates (Hansen 

et al., 2016; Pudasaini et al., 2016). Our findings support that application rates of biochar with 

particles as large as 1/4” need to be greater than 30 t ha-1 in coarse-textured soils to have a 

statistically significant effect on AWC (Edeh et al., 2020). It is crucial to identify thresholds like 

these prior to field-scale applications so that adding biochar actually improves soil water retention 

and reduces irrigation water requirements in croplands. 

 

Increasing biochar application rate did not affect NH3 emission following fertilizer application 

despite evidence from other studies showing that biochar can have this benefit (Taghizadeh-Toosi 
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et al., 2012; Sha et al., 2019). Biochar has been shown to adsorb ammonium (NH4
+), which can 

reduce NH3 emission (Clough et al., 2013). However, because the biochar treatments in our study 

retained more soil moisture than the control treatment, optimal moisture conditions for NH3 

emission were extended, which likely negated benefits of lower initial NH3 emission rates. Soils 

with 4% and 8% biochar continued to emit NH3 when other treatments, including the control 

treatment, ceased emitting NH3. Optimal soil conditions such as those in our study (high pH, coarse 

soil texture, high moisture due to irrigation) likely have a greater effect on NH3 emission after 

fertilizer application compared to biochar’s adsorption capabilities. 

 

While several studies show that biochar reduces soil nitric oxide (NO) emission, this did not occur 

in our study. These prior studies used soils with acidic or neutral pH whereby biochar increased 

soil pH (Nelissen et al., 2014; Obia et al., 2015). Biochar’s liming effect can prevent the formation 

of nitrous acid from nitrite during denitrification and, therefore, slow its chemical decomposition 

to NO. Because biochar decreased soil pH in our study, this could explain why this mechanism for 

decreasing NO emission was not observed. Our study using an alkaline desert soil represents a 

case where biochar does not clearly increase or decrease NO flux.  

 

Regarding nitrogen available to plants, we found more soil NO3
- in biochar treatments compared 

to the control treatment, which was likely related to a combination of increased retention of soluble 

organic N from manure and increased NO3
- adsorption. Biochar generally retains organic C and 

organic N from manure (Laird et al., 2010), so over time, organic N was vulnerable to 

mineralization each time water was added (Birch, 1958). The resulting NH4
+ could have then been 

nitrified alongside NH4
+ from diammonium phosphate, which likely increased NO3

- in soil 
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solution. The observed reduction in pH supports this because hydrogen ions are released during 

nitrification. Interestingly, lower soil pH after biochar application is uncommon, but can occur 

(e.g., Fidel et al., 2017). Overall, increased NO3
-—whether from nitrification or adsorption—

serves as a potential source of NO3
- available for crop use in biochar-amended soil. 

 

Because biochar has often been found to reduce soil nitrous oxide (N2O) emissions, it was 

unexpected that low and high biochar application rates would have contrasting effects on soil 

nitrous oxide (N2O) flux. As mentioned previously, greater WFPS in treatments with lower biochar 

application rates may have promoted and extended nitrification and denitrification, resulting in 

increased N2O emission from organic N that was retained by biochar (Sánchez-García et al., 2014). 

Therefore, adding low rates of biochar to an alkaline desert cropland may exacerbate soil N losses 

as N2O whereas high application rates reduce N2O emission.  However, gaseous N losses must 

have also occurred in treatments with higher biochar application rates because all treatments 

showed similar NO3
- leaching losses and total soil N at the end of the experiment. It is possible 

that treatments with higher biochar application rates lost more N as N2; indeed, biochar has been 

shown to act as a reducing agent by donating electrons to nitrous oxide reductase, the enzyme that 

catalyzes the reduction of N2O to N2 (Pascual et al., 2020). It is also important to note that the 8% 

biochar treatment lost more N through NH3 emission than other treatments whereas the 6% biochar 

treatment lost more N through NO3
- leaching, so this likely contributed to all treatments containing 

similar amounts of total N at the end of the experiment. Therefore, our study suggests that higher 

biochar application rates are needed to minimize N2O emission from arid cropland soils.  
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A combination of abiotic and biotic mechanisms likely explains why higher biochar application 

rates retained more phosphate (PO4
3-) whereas lower rates leached more PO4

3-. First, biochar has 

been shown to be effective at retaining soil PO4
3- through sorption processes such as chemical 

adsorption to biochar’s basic surface functional groups and ion exchange (Sarkhot et al., 2013; 

Takaya et al., 2016), which likely enhanced PO4
3- adsorption at higher biochar application rates. 

This corroborates a meta-analysis finding that greater biochar application rates generally increase 

PO4
3- retention (Glaser and Lehr, 2019). In addition, if biochar increased microbial decomposition 

of organic matter as mentioned previously, this would have further increased available PO4
3- for 

subsequent adsorption to biochar surfaces. In contrast, treatments containing less biochar likely 

did not provide enough adsorption capacity for the amount of PO4
3- available, resulting in greater 

amounts of leached PO4
3- compared to the control treatment. Therefore, because higher biochar 

application rates increase PO4
3- retention whereas low application rates can have the opposite 

effect, these results suggest that it may be better for a farmer in some cases to not add biochar 

rather than add a low rate if that is all that can be afforded. 

 

Collectively, these results highlight that planning large-scale applications of biochar must account 

for counterintuitive effects of application rate to maximize biochar benefits while avoiding 

detrimental effects to crops and the environment. Biochar application rates may need to be greater 

than 4% (w/w) to improve water and phosphate retention in alkaline desert croplands. Because 

large-scale applications of 4% biochar (~81 tons per hectare) are unfeasible in most cases because 

of the current price of biochar (~$84,000 US dollars per hectare), it is necessary to investigate all 

economic benefits of biochar with potential to improve the return on biochar investment, such as 

increased crop yield and reduced water and phosphate fertilizer costs. A thorough examination of 
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the cost-saving opportunities with biochar will help to promote adoption of biochar at adequate 

application rates at larger scales. 

 

In conclusion, our study demonstrates that low and high biochar application rates can have 

contrasting and counterintuitive effects on soil water and nutrient retention in alkaline desert soil 

conditions. Adding lower rates of alkaline biochar to desert cropland soils may not be beneficial. 

In contrast, higher biochar application rates have the potential to improve water and phosphate 

retention and reduce N2O emission in desert cropland soils. Therefore, threshold effects of biochar 

application rate must be considered prior to field-scale application to improve biochar’s viability 

as a long-lasting soil amendment in desert croplands. 
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Table A.1 Biochar characteristics 

Parameters Pacific Biochar Blacklite Pure 

% C* 
% N* 
% H* 
% O* 
pH 
EC (ds m-1) 
SSA (m2 g-1) 
WHC (g H2O g soil-1) 
% Volatile Matter* 
% Organic Carbon* 
H/Corg* 
% Carbonates (as CaCO3)* 

89.2 
0.9 
1.6 
2.3 

10.09 
0.90 

387.6 
7.98 
23.2 
88.8 
0.22 
3.25 

% Ash* 0.9 

*Third party tested by Control Laboratories (Watsonville, CA, United States) 
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Table A.2 Soil properties after nine month column study. Asterisks (*) indicate statistically significant effects of biochar application. 

Data are presented as “mean (standard error)”; n = 4. 

Biochar 
Rate 

Column-
scale field 
capacity  
(g g-1) 

Bulk 
Density 
(g cm-3) 

pH 
EC  

(dS m-1) 

Nitrate (g 
NO3

--N 
kg soil-1) 

Ammonium 
(g NH4

+-N 
kg soil-1) 

Olsen 
Extract P 
(mg P kg 

soil-1) 

%  
Nitrogen 

% 
Carbon 

C:N 

Tempe 
Cell 𝜃  

(cm3 cm-3) 

0% 
(Control) 

0.37  
(0.01) 

1.40 
(0.05) 

9.12 
(0.21) 

1.74 
(0.33) 

0.50 
(1.03) 

0.45 
 (0.11) 

19.92 
(2.78) 

0.076 
(0.01) 

1.74 
(0.07) 

23.33 
(2.10) 

0.35 
(0.01) 

1% 
0.41  

(0.01) 
1.25 

(0.03) 
9.06 

(0.11) 
1.80 

(0.21) 
4.08 

(3.31) 
0.37 

 (0.09) 
27.84 
(2.10) 

0.072 
(0.00) 

2.04 
(0.10) 

28.78 
(2.19) 

0.39 
(0.02) 

2% 0.44  
(0.01) 

1.20 
(0.02) 

8.94 
(0.05) 

1.60 
(0.23) 

 1.69 
(0.57) 

0.30    
(0.01) 

17.72 
(3.71) 

0.087 
(0.01) 

2.90 
(0.56) 

32.97 
(2.84) 

0.34  
(0.01) 

4% 0.50  
(0.01) 

0.96 
(0.06) 

8.89 
(0.05) 

1.43 
(0.13) 

3.22 
(0.57) 

0.49    
(0.12) 

33.2  
(3.08) 

0.053 
(0.00) 

2.68 
(0.35) 

49.25 
(3.40) 

0.36 
(0.02) 

6% 0.59  
(0.02) 

0.85 
(0.04) 

8.94 
(0.15) 

1.76 
(0.25) 

8.48 
(1.77) 

0.94    
(0.47) 

33.61 
(0.48) 

0.061 
(0.01) 

4.26 
(0.60) 

69.19 
(3.83) 

0.40 
(0.01) 

8% 0.72  
(0.02) 

0.69 
(0.05) 

8.73 
(0.09) 

1.73 
(0.16) 

6.52 
(0.98) 

0.64    
(0.20) 

32.31 
(6.34) 

0.074 
(0.00) 

5.51 
(0.52) 

73.76 
(3.07) 

0.47 
(0.03) 

P value 
(Prob>F) 

<0.001* <0.001* 0.026* 0.437 0.006* 0.093 0.009* 0.310 <0.001* <0.001* 
 

<0.001* 
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Table A.3 Mixed model statistical analysis p-values.  

Gas Flux Day x Trt Day Trt 
mg NH3-N kg soil-1 h-1 

mg N2O-N kg soil-1 h-1 

mg NO-N kg soil-1 h-1 

% WFPS 

0.287 

0.222 

0.959 

<0.001* 

<0.001* 

0.005* 

0.898 

<0.001* 

0.986 

0.008* 

0.283 

<0.001* 
Leaching Losses Leach day x Trt Leach day Trt 

mg NO3
--N kg soil-1 

mg PO4
3--P kg soil-1 

0.996 

0.114 

<0.001* 

<0.001* 

0.789 

<0.001* 
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Figure A.1. Soil water content at field capacity, wilting point, and AWC calculated from RETC 

modeled Tempe Cell and WP4 data. Error bars are constructed using 1 standard error from the 

mean. 

Figure A.2. Phosphate (PO4
3-) and nitrate (NO3

-) leaching losses. Each error bar is constructed 

using 1 standard error from the mean. 

Figure A.3. Graph of cumulative NH3, N2O, and NO gas flux and daily WFPS. Each error bar is 

constructed using 1 standard error from the mean. Absent error bars indicate error bars smaller 

than graph symbol. 
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Figure A.1  
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Figure A.2  
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Figure A.3  
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Abstract 

To sustain cropland productivity in arid regions as water resources decline, soil water retention 

and available nutrient concentrations in croplands must improve to reduce required irrigation and 

fertilizer inputs. Biochar has been proposed to increase soil water retention and store it for 

longer, which may allow for a reduction in irrigation frequency without reduced crop yield. 

Furthermore, composting with biochar as a feedstock has been shown to improve the nutrient 

content of finished compost. Does adding co-composted biochar to soil lead to greater increases 

in soil water retention and available nutrients thereby increasing crop yield? A field experiment 

was set up to investigate effects of biochar with compost added during field application and co-

composted biochar on wheat growth during low, medium, and high irrigation frequencies. 

Interestingly, biochar amendments increased soil water retention in the first year, but only co-

composted biochar maintained this increase throughout the second year. Co-composted biochar 

also increased soil available nitrate compared to other treatments, but only in the first year. Of 

the soil amendments, co-composted biochar had the greatest effect on improving wheat growth 

and yield, indicating that co-composting biochar may lead to greater cropland productivity than 

biochar + compost. However, these biochar amendments were less effective when irrigation 

water was reduced, despite improving water retention. While a small reduction in irrigation may 

be possible, especially to avoid wheat lodging, these biochar amendments may not enable a 

dramatic reduction in wheat irrigation requirements. Based on the results of this study, biochar 

may play a critical role in addressing soil water retention and available nutrient concentrations to 

improve desert cropland sustainability.  
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Keywords: Co-composted biochar, durum wheat, soil water retention, plant nutrients 

 

Highlights 

1. BC + C amendment increased soil moisture throughout year 1 but not year 2.  

2. Biochar amendments only improved grain yield when irrigation frequency was highest. 

3. COMBI amendment increased available NO3
- in year 1, but BC+C amendment did not. 

4. Amendments raised or lowered available PO4
3- depending on irrigation frequency after 

immobilization.  
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Acronyms 

COMBI - Co-composted biochar 

BC+C – untreated biochar with compost added at time of field application 

HI – High frequency irrigation treatment 

MI – medium frequency irrigation treatment 

LI – Low frequency irrigation treatment 
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1. Introduction 

Declining water resources is a critical issue for essential agricultural food production systems in 

the deserts of the southwestern United States (Steele et al., 2018). Because field crops grown in 

this region rely heavily on irrigation water, solutions are urgently needed to sustain cropland 

productivity using less water. Although drip irrigation technology, for example, has been shown 

to improve irrigation water use efficiency (Ayers et al., 2015; Al-Ghobari et al., 2018), another 

solution may be to increase the capacity of desert soils to retain water. Besides water, availability 

of nutrients such as nitrate and phosphate often limit crop production in desert soils (Skujiņš, 

1981; Schlesinger and Bernhardt, 1997; Vitousek et al., 2010). Therefore, solutions are needed 

that increase both water and nutrient availability in desert croplands. One possible solution to 

achieve both of these goals is by amending soils with biochar.  

 

Biochar is an organic soil amendment that has been shown to increase plant-available water and 

nutrient retention in desert soils (Arif et al., 2016; Li et al., 2018; Edeh et al., 2020). Biochar is 

produced through a pyrolysis process in which organic materials of recent biological origin are 

decomposed using high heat in a low-oxygen environment (Lehmann, 2007). The structure of 

biochar contains many pores and a large surface area with high charge density that contribute to 

water and nutrient retention (Liang et al., 2006; Liu et al., 2017). In desert soils, the effect of 

biochar on water and nutrients has led to improved grain yield (Albuquerque et al., 2013; 

Laghari et al., 2016). However, biochar has also been shown to shift the limiting growth factor 

from water to nitrogen (Fehmi et al., 2020), which limits plant growth (Albuquerque et al., 

2013). Furthermore, the application of biochar to soil has had variable effects on phosphate 

availability in alkaline soils (Chintala et al., 2014; Gul and Whalen, 2016; Glaser and Lehr, 
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2019). Therefore, applying biochar with additional nutrients together may improve soil water 

retention and nutrient availability to enhance crop growth in desert cropland soils. 

 

Composting manure and woodchips with biochar to produce co-composted biochar may be a 

way to improve effectiveness of both compost and biochar as soil amendments (Dias et al., 2010; 

Cooper et al., 2020). This is because manure nutrients adsorb to the surface of biochar and enter 

biochar pores during composting (Steiner et al., 2010; Zhang and Sun, 2014; Hagemann et al., 

2017b). When applied to soil, co-composted biochar increases soil nitrate availability greater 

than untreated biochar (Kammann et al., 2015), but has been shown to have variable effects on 

available phosphate (Vandecasteele et al., 2016). Despite these potential benefits, there is a lack 

of long-term studies about effects of co-composted biochar on soil nutrient availability and crop 

growth in alkaline desert croplands (Wang et al., 2019). By enhancing compost nutrient 

concentrations and availability through co-composting, co-composted biochar may lead to 

greater crop growth than untreated biochar and compost. 

 

Effects of limited water on wheat water use efficiency and wheat growth have been well studied 

(Day and Intalap, 1970; Hochman, 1982; Zhang and Oweis, 1999). Irrigation timing is 

important; skipping irrigation during anthesis can be more detrimental to grain yield than 

skipping irrigation at other wheat growth stages (Hochman, 1982). Furthermore, water stress can 

inhibit flag leaf development, resulting in smaller flag leaf area (Meyer and Green, 1980). This 

can be detrimental to wheat development because flag leaves are responsible for the majority of 

photosynthesis in the later stages of wheat development. In general, water stress can shorten the 

duration of growth stages (Kobata et al., 1992). Low grain yield and kernel characteristics, 
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including grain size and protein content, are also indicators of drought stress (Asseng et al., 

2015). Irrigated desert croplands are susceptible to salt accumulation, but wheat is considered 

tolerant of salts and has a salinity threshold of 5.9 dS m-1 (USDA ARS, 2019).  These variables 

are key to understanding effects of reducing irrigation on wheat growth in biochar-amended soil. 

 

Durum wheat is commonly grown in the desert southwestern United States. Arizona, in 

particular, has the third largest harvest area of durum wheat in the United States and produces the 

highest bushel per acre (USDA-NASS, 2020). Increases in grain yield per area, even as low as 

5%, can have major effects on grain contributions to local economies (Duval et al., 2016). 

Although biochar and co-composted biochar have been shown to benefit wheat growth in 

alkaline soils in other world regions (Lashari et al., 2013; Arif et al., 2017; Abbas et al., 2018) 

fewer studies report concurrent effects of reduced irrigation on wheat yield in biochar and co-

composted biochar amended soil (Hafez et al., 2020). Therefore, our study was designed to test 

effects of biochar and co-composted biochar on soil water retention, nutrient availability, and 

durum wheat growth in the southwestern U.S. with different irrigation frequencies. For farmers 

and other land managers looking to reduce their water use, this information will aid in decision 

making about whether or not to apply biochar. 

 

We focused on three research questions to improve understanding of longer-term effects of 

biochar on water retention, nutrient availability, and crop growth in desert croplands. Given that 

biochar increases soil water retention, does soil treated with softwood biochar improve durum 

wheat growth compared to soil with no biochar when irrigation frequency is reduced in a desert 

cropland? If so, then farmers and other land managers may be able to reduce their water use 
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without losing yield by incorporating biochar into their soil. In addition, does biochar improve 

soil nutrient availability in alkaline soil when irrigation frequency is reduced? If biochar retains 

nutrients as shown in previous studies, biochar use in croplands may only be beneficial if these 

nutrients remain available to plants throughout a growing season. Lastly, does co-composted 

biochar lead to greater wheat yield and nutrient availability when irrigation is reduced compared 

to mixing untreated biochar with compost during soil application? Co-composting biochar may 

reduce unpredictable effects on nutrient availability as experienced with untreated biochar, which 

helps to alleviate concerns of biochar users.  

 

2. Materials and methods 

2.1 Biochar and co-composted biochar description 

We used a mixture of low-ash Blacklite Pure biochar (6% ash) and higher-ash Blacklite Pure 

biochar (25% ash) from Pacific Biochar (Santa Rosa, CA). The biochar product (1/4” minus) is 

produced from mixed softwood forestry residue in a modified biomass reactor at 760 °C for 

approximately 10 minutes. We measured specific surface area (SSA) of oven-dried biochar using 

the ethylene glycol monoethyl ether (EGME) method modified for biochar materials (Bakshi et 

al., 2016). In order to measure inorganic carbon of biochar, we first placed biochar in a muffle 

furnace for 12 hours at 450 °C to remove organic carbon and then we measured the remaining 

carbon using a combustion analyzer (Elementar Vario MAX Cube Combustion Analyzer, 

Elementar Americas, Inc., Ronkonkoma, NY). We calculated the organic carbon in biochar as 

the difference between total carbon and inorganic carbon.  
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We produced co-composted biochar (COMBI) at a commercial composting facility (Tank’s Green 

Stuff, The Fairfax Companies, Tucson, AZ). A compost windrow was made by mixing 21.2% 

organic dairy manure (0.22 g C g-1), 37.3% woodchips (0.42 g C g-1; 5.1 cm minus), and 41.2% 

biochar by mass. We chose this biochar application rate because the untreated biochar treatment 

was applied to soil at 81 t ha-1 and therefore, a large percentage of the COMBI needed to be biochar 

to avoid adding an unrealistic amount of compost to soil while still keeping the biochar rates 

consistent between treatments. A compost windrow was created without biochar to serve as a 

control treatment. Windrows were irrigated and turned every 2-3 d for 15 days and then turned and 

water as needed to maintain moisture in the windrow between 40-50%. Composts were considered 

mature once temperatures did not increase after turning while ensuring that moisture was 

sufficient. Composting with biochar took 3 d to reach a maximum temperature of 70 °C and 9 w 

until temperatures remained below 40 °C. The co-composted biochar had ten days of curing before 

it was used. Meanwhile, the control compost took 7 d to reach a maximum temperature of 69 °C 

and 17 w until temperatures remained below 40 °C. Because the control compost windrow took 

several more weeks (and irrigations and turns), compost from a different curing windrow made 

from the same feedstock ratio was used for the field experiment. To remove large compost particles 

from COMBI and compost prior to soil application, both materials were sieved with a 0.64-cm 

screen prior to soil application. 

 

To quantify nutrient availability in the untreated biochar, COMBI, and compost-only treatments, 

we extracted nitrate (NO3
-) and ammonium (NH4

+) from these materials using 2 mol L-1 KCl.  

Nitrate concentrations were measured with KCl extracts using the vanadium chloride reduction 

method and measuring absorbance at 540 nm on a microplate reader (Doane and Horwáth, 
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2003). Ammonium concentrations were measured by preparing KCl extracts using the Berthelot 

reaction method and then measuring absorbance at 650 nm (Hood-Nowotny et al., 2010). 

Phosphate was extracted using the Olsen P method for alkaline materials (Olsen, 1954) and then 

measured using inductively coupled plasma optical emissions spectroscopy (ICP-OES; ICAP 

7200 Duo, Thermo Scientific, Bremen, Germany). Biochar, COMBI, and compost pH and 

electrical conductivity (EC) were measured in slurries containing 10:1 DI water (ml) to solids 

(mg) after shaking at 180 rpm. Compost was shaken for 1 h before reading pH and EC while co-

composted biochar and biochar were shaken for 24 h. Total carbon (C) and nitrogen (N) were 

measured using an elemental combustion analyzer (Elementar Vario MAX Cube Combustion 

Analyzer, Elementar Americas, Inc., Ronkonkoma, NY). To measure ash content, we placed 

oven dry materials in a muffle furnace for 24 h at 550 °C. We quantified inorganic carbon in 

compost and co-composted biochar using pressure calcimetry with a method adapted from 

Horváth et al. (2005). Briefly, we added material to a glass vial and then capped the vial with an 

aluminum lid that held a rubber septum. We injected 4 N HCl into the vial with a hypodermic 

needle and shook the vial at 140 rpm on a mechanical shaker for 10 min. Then the vial sat for 30 

minutes followed by 10 min of shaking at 140 rpm. Next, we used manometer to measure 

pressure built up in the vial (Traceable Manometer, model #33500-086, PSI range -30 to 30, 

Traceable Products, Webster, TX). A calibration curve was created using reagent grade CaCO3 

and inorganic carbon was calculated as CaCO3 equivalent. Characteristics of biochar, COMBI, 

and compost are reported in Table 1. 
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2.2 Field experiment 

2.2.1 Site description 

We conducted a field experiment at The University of Arizona Campus Agricultural Center 

(CAC) in Tucson, Arizona (32°16'56.6"N 110°56'50.3"W). The region has a mean annual 

temperature of 21.7 °C and mean annual precipitation of 269 mm. During the experiment, air 

temperature and precipitation data were retrieved from The Arizona Meteorological Network 

(AZMET) site that is located at the CAC. Plots (3.7 m x 4.6 m) were set up in a lattice-square 

pattern in a field that was previously fallow for ten years. Soil at the field site had a sandy loam 

texture (53.1% sand, 11.0% clay, and 35.9% silt) containing 1.56% C and 0.09% N (Hoglund et 

al., in review). The soil is classified as a Typic Torrifluvent (Agua soil series; Post, 2011). Plots 

were divided into rows containing three plots each with each of the three irrigation treatments 

randomly assigned to each row. Then, we assigned each of the three soil amendment treatments 

to plots using a three by three lattice square design. In order to spatially separate irrigation 

treatments from each other to avoid wheat plants accessing water from nearby rows, there was a 

3.7 m buffer space between each row that contained two 1.5 m soil berms that were 0.7 m apart. 

There was a 1.4 m buffer space between plots to spatially separate treatment plots. 

 

To quantify the field-scale effects of untreated biochar with compost compared to co-composted 

biochar (COMBI) on water retention, nutrient availability, and wheat growth, we applied the 

organic amendments on the 14th and 15th of November 2019. The soil amendments consisted of 

1) untreated biochar with compost that was mixed during field application (BC+C), 2) COMBI, 

and 3) a control treatment with compost and without biochar. The BC+C treatment contained 

45.3 Mg ha-1 biochar (dry weight) and 52.3 Mg ha-1 compost (dry weight), which was a high rate 
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of biochar application compared to most studies (Edeh et al., 2020). The COMBI treatment 

contained 70.7 Mg ha-1 (dry weight) of COMBI. The control treatment received compost at a rate 

of 52.3 Mg ha-1. There were four replicates of the nine soil-by-irrigation treatment combinations 

in the first year of the study, whereas there were three replicates in the second year because a 

building was constructed over of the south end of the field. 

 

To assess soil amendment effects on soil moisture throughout each growing season, we placed 

moisture sensors (GS1, Decagon Devices, Inc., Pullman, WA) near the center of each plot at a 

depth of 5-cm to quantify soil volumetric water content. Soil moisture was recorded every 30 

min throughout the growing season to measure moisture during wet-dry cycles. Because biochar 

is a semi-conductor and the moisture sensors used time domain reflectometry, we calibrated 

sensors for each soil amendment (Kameyama et al., 2013). To calibrate sensors, we placed 

sensors in soil amendment treatments to measure volumetric water content while we also 

measured gravimetric water content at six time points using a drying oven. We created a 

calibration curve for each soil amendment treatment using gravimetric water content values and 

volumetric water content values from corresponding time points.  

 

Irrigation treatments in the first year consisted of low-frequency irrigation (LI1), medium-

frequency irrigation (MI1), and high-frequency irrigation (HI1). The HI1 treatment received 

irrigation when the reference soil moisture (control treatment at depth of 45 cm) dried to 13% 

volumetric water content (VWC). We chose to place the reference soil moisture at the 45 cm 

depth because this is considered the lower depth of soil moisture accessible to wheat (Panda et 
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al., 2003). At this VWC for sandy loam soil, roughly 50% of plant available water (PAW) 

remained at which time irrigation was recommended for wheat in this region (Husman et al., 

1999). Irrigation water volume was measured using a flow meter and distributed through lay-flat 

tubing with distribution holes every 1.5 m. The irrigation volume was calculated as the volume 

of water needed to bring the soil moisture back to field capacity. In the first year, rows in the 

MI1 treatment received irrigation when reference soil moisture fell below 18% moisture after the 

second irrigation of HI1 rows. Rows in the LI1 treatment received irrigation every other time the 

HI1 treatment received irrigation. In the second year, irrigation treatments (HI2, MI2, and LI2) 

were adjusted. We made the decision to further reduce irrigation frequency in the MI2 and LI2 in 

the second year because the grain yield in the first year was similar between the two irrigation 

treatments. Therefore, in the second year, the MI2 treatment received irrigation every other time 

the HI2 was irrigated and the LI received irrigation every third time the HI2 was irrigated. 

Irrigation dates and volume are presented in Table S1 while irrigation water nitrate and 

phosphate concentration are presented in Table S2. 

 

We planted Westmore HP durum wheat seeds (Triticum turgidum L. var. durum) on the 15th of 

January 2020 in the first year and harvested on 1st June 2020. In the second year, we seeded on 

the 5th of January 2021 and harvested on the 19th of May 2021. Planting date in the first year was 

slightly delayed by precipitation. The seeding rate in both years was 196 kg ha-1. After the first 

growing season, berms were flattened in order to drive a tractor in the field to mow the 

remaining wheat to 15 cm above soil surface. By not tilling wheat into the soil, wheat residue 

could act as a protective cover over soil during summer monsoon rains that include strong winds, 

heavy rain, and flash flooding. Before planting in the second year, we measured soil nitrate, 
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which was found to be lower than recommended levels for growing wheat (Ottman and 

Thompson, 2015). Therefore, on the 23rd of December 2020, the field was tilled with a disc and 

granular urea was applied at a rate of 336 kg ha-1. In order to incorporate urea into the soil, the 

field was tilled with a disc again and irrigated. 

 

2.2.2 Plant-available nitrogen and phosphorus 

To investigate effects of treatments on soil inorganic N (nitrate, NO3
-, and ammonium, NH4

+) 

availability throughout the two growing seasons, we placed pairs of anion- and cation-exchange 

resin membranes (IERM; AMI-70001S and CMI-7000S, Membranes International, Ringwood, 

NJ) in two locations near the center of each plot to capture water-soluble nutrients over time 

(Qian and Schoenau, 2002). The IERM were cut into rectangular pieces (2 cm by 12 cm) and 

inserted lengthwise into the soil so that the bottom of each strip reached 10 cm deep with roughly 

2 cm of membranes above the soil surface. To quantify the immediate effects of soil amendments 

on nutrient availability, IERM were deployed and replaced every 2 weeks starting after soil 

amendments were applied (Nov 2019 until Jan 2020). Then, we replaced IERM twice during the 

growing seasons to minimize disturbance to wheat (February 2020 until June 2020 and January 

2021 until June 2021). Data from the various sampling dates were categorized as either “pre-

season” (November 2019 until January 2020), “Year 1” (February 2020 until June 2020), and 

“Year 2” (January 2021 until June 2021). Cumulative available NO3
- and NH4

+ were calculated 

for each sampling period. In order to extract inorganic N from IERM strips, we shook the strips 

in 2 M KCl at 40 rpm for 1 h on a mechanical shaker (Qian and Schoenau, 2002). 
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Because several IERM were lost in the field, bulk soil extractable inorganic N was measured 

throughout the second year. We collected soil samples from three locations in the 0-10 cm depth 

from each plot for bulk inorganic N analysis 56, 92, 118, and 148 d after wheat was planted in 

the second year. Soil samples were passed through a 2.0 mm sieve prior to analysis. To extract 

bulk inorganic N from soil samples, we shook soil with 2 M KCl at 180 rpm for 1 h on a 

mechanical shaker and then filtered KCl extracts with Whatman 42 filter paper.  

 

We quantified NO3
- extracted from IERM and bulk soil using vanadium chloride reduction 

method and measuring absorbance at 540 nm on a microplate reader (Doane and Horwáth, 

2003). Next, we quantified NH4
+ by preparing extracts using the Berthelot reaction and 

measuring absorbance at 650 nm (Hood-Nowotny et al., 2010). In addition, we measured total 

soil N at the end of each growing season using an elemental combustion analyzer (Elementar 

Vario MAX Cube Combustion Analyzer, Elementar Americas, Inc., Ronkonkoma). 

 

To quantify effects of treatments on available phosphate (PO4
3-), we measured PO4

3- using IERM 

strips with the same schedule as strips for inorganic N. We extracted PO4
3- from IERM by 

mechanically shaking membranes with 0.5 M NaCl for 30 min at 40 rpm and then filtering using 

Whatman 42 filter paper (Cooperband and Logan, 1994). We quantified PO4
3- by preparing 

extracts using the ascorbic acid method and measuring absorbance at 850 nm on a microplate 

reader (Murphy and Riley, 1962).  

 

We also measured bulk soil PO4
3- in the 0-10 cm depth after the first harvest, during a fallow 

season, and then 24, 56, 92, 118, and 148 d after planting in the second year. We used Olsen P 
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solution to extract PO4
3- from bulk soil (Olsen, 1954). Then, we quantified PO4

3- by preparing 

extracts using the ascorbic acid method and measuring absorbance at 850 nm (Murphy and 

Riley, 1962). To reduce bubbling upon adding the ascorbic acid reagent, we added 10 uL of 0.75 

M H2SO4 to extracts prior to the ascorbic acid reagent. 

 

2.2.3 Soil pH and electrical conductivity 

Because soil pH can affect nutrient availability, we measured soil pH in the 0-10 cm depth at the 

end of each growing season with a pH meter (Five Easy Plus, Metler-Toledo) in a 2:1 slurry with 

DI water.  

 

Irrigated desert croplands are susceptible to salt accumulation and salinization, therefore, 

electrical conductivity (EC) was measured at the end of each growing season. We measured soil 

EC using an EC meter (Five Easy Plus, Metler-Toledo, Columbus, OH) in a 5:1 slurry with 

deionized water. 

 

2.2.4 Wheat growth 

To measure effects of treatments on wheat emergence, we counted wheat plants 34 and 35 d after 

planting in the first and second year. Plants were counted in 20 parallel 1-m transects per plot. 

 

Several wheat growth variables were also measured including plant height, flag leaf area (only 

the second year), and above-ground biomass. We measured plant height 119 d after planting 

when wheat plants were physiologically mature. Plant height was measured from soil surface to 
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top of wheat head excluding anthers. To further quantify wheat water stress at this time, we 

measured flag leaf width and length to calculate flag leaf area, which can be calculated as Leaf 

Area = Width x Length x 0.75 (Chanda and Singh, 2002). Roughly four weeks after wheat 

senesced, we measured above-ground biomass by collecting biomass from three 0.93 m2 areas 

per plot and measuring mass as-is (no oven-drying). We collected these samples by cutting 

wheat stems roughly 1-cm above soil surface. 

 

To further examine effects of treatments on wheat growth, we measured harvest-related variables 

including grain yield, test weight, and kernel protein. We harvested heads of wheat with a sickle 

in a 1.5 m by 3.0 m area within plots and threshed heads to separate grain. We threshed using a 

small stationary grain threshing machine (Almaco Small Bundle Thresher, Almaco, Ames, IA) in 

the first year and a large stationary grain threshing machine (Vogel Thresher, Bill’s Welding, 

Pullman, WA) in the second. To reduce edge effects in plots, we did not harvest wheat in the 

outer 0.5 m perimeter. Wheat chaff, stalks, and anthers that were removed by threshing were 

returned to respective plots. Grain moisture was measured by drying grains at 65°C until mass 

became constant. We determined grain test weight, which was measured as mass of grain per 

volume, using a 250-ml cup and converting to pounds per bushel. In addition, we quantified 

grain protein on a dry weight basis by first measuring total grain N using an elemental 

combustion analyzer (Elementar Vario MAX Cube Combustion Analyzer, Elementar Americas, 

Inc., Ronkonkoma, NY). Then, grain protein was calculated by multiplying total N by 5.7 

(Wrigley and Batey, 2012).  
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Below-ground biomass was measured in the second year to examine effects of treatments on root 

growth. We measured root mass in 10 and 20 cm increments down to 1 m in one location per 

plot. We used a 6.35-cm diameter soil auger to collect soil samples directly over wheat plants. 

Soil was first sieved on a 2-μm sieve to separate large roots. Roots were manually removed from 

soil using tweezers. Next, soil was sieved on a 250-μm sieve to further separate soil particles 

from roots. To remove soil and biochar particles from roots that remained on the 250-μm sieve, 

we gently washed the roots with water. All roots were oven dried at 65 °C and then weighed. 

 

2.3 Statistical analysis 

All statistical analyses were performed using JMP (JMP 14.2, SAS Institute, Cary, NC). 

Differences between treatments and treatment combinations were analyzed using “Standard 

Least Squares” with row number included as a random variable. Differences were considered 

statistically significant when alpha values were below 0.05 and marginally significant below 

0.10. Means separation of statistically significant effects were calculated using Tukey HSD while 

marginally significant effects were analyzed using Student’s t-test. Data from both years were 

analyzed separately because (1) MI and LI treatments were less frequent in the second year, (2) 

the first year had four replicates while the second year had three, and (3) pre-plant nutrient 

additions differed. In addition, a repeated measures mixed model was used to analyze bulk soil 

nutrient values as they were sampled on multiple dates within each year. 

 

Soil moisture data were analyzed by calculating the minimum, maximum, and mean moisture of 

each plot. Regarding soil pH, one replicate was removed from the data set as the pH value was 
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below 1.5 x the interquartile range, possibly due to debris from an adjacent horse lot blowing 

into the plot. Row number was not included as a random variable in pH analyses because there 

were insufficient degrees of freedom. Effect of treatments on EC was analyzed using a mixed 

model with row number included as a random effect. Values were log transformed in the first 

year to improve normality of residuals. 

 

Regarding nutrient availability analyses and wheat emergence during the pre-season, irrigation 

treatments were not implemented yet and therefore irrigation was excluded in pre-season and 

emergence analyses. Values for pre-season NO3
- availability, NH4

+ availability, Year 1 NH4
+ 

availability, and 100 grain mass were log transformed and values for bulk soil NO3
-, root 

biomass for the 10-20 cm and 80-100 cm soil depth, and above-ground biomass were square-root 

transformed to improve normality of residuals. Extreme outliers in bulk soil PO4
3- and NO3

- data 

were removed when they exceeded three times the interquartile range. Root biomass 

measurements were analyzed in 20-cm increments square-root transformed to improve normality 

of residuals. 

 

3. Results 

3.1 Soil properties and nutrients 

3.1.1 Soil moisture 

During the experiment, the site received 52.3 mm of precipitation in the first year and 38.33 mm 

in the second (Fig. 1).  In both years, nearly all precipitation occurred in the first half of the 

growing season. A combination of precipitation and irrigations resulted in seven, eight, and ten 
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drying cycles in the LI1, MI1, and HI1 treatments in the first year, respectively. In the second 

year, soils were subject to three, five, and eight drying cycles in the LI2, MI2, and HI2 

treatments.  

 

Mean soil moisture was 38% and 20% greater in soil amended with COMBI and BC+C 

compared to soil only amended with compost in the first year. However, only soil amended with 

COMBI had statistically greater mean soil moisture than soil amended with compost (Table 4; 

Fig. 1). In contrast to the first year, soil amended with BC+C had statistically similar mean soil 

moisture to soil amended with compost and COMBI in the second year. However, soil amended 

with COMBI had 28% greater mean soil moisture than soil amended with compost.   

 

During the first year, maximum soil moisture in soil amended with BC+C was 12% lower than 

soil amended with compost or COMBI (p = 0.046; Fig. 1). This difference increased to 19% in 

the second year (p > 0.001).  

 

After wheat senesced and irrigations stopped, soils were left to dry. During this time, BC+C and 

COMBI amendments had greater minimum soil moisture in the first year by 53% and 80% 

compared to soil amended with only compost (p = 0.001; Fig. 1). However, in the second year, 

only COMBI had greater minimum soil moisture in the LI2 treatment by nearly double that of all 

other treatment combinations (p < 0.002; Fig. 1). Throughout the first year, soil treated with 

compost had the greatest difference between maximum and minimum soil moisture while BC+C 

amended soil had the least difference (p > 0.001). These differences were nearly consistent in the 
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second year, however, the difference between maximum and minimum soil moisture in COMBI 

amended soil was more similar to BC+C amended soil (p > 0.001). Furthermore, the LI2 

treatment in the second year had a smaller difference between maximum and minimum soil 

moisture compared to other irrigation treatments (p = 0.003).  

 

3.1.2 Soil pH and electrical conductivity 

In the first year of the study, treatments did not statistically affect soil pH. The average soil pH of 

all plots was 8.45 in the first year. In the second year, irrigation treatment had a statistically 

significant effect on soil pH. The LI2, MI2, and HI2 treatments respectively averaged pH 8.46 ± 

0.05, 8.32 ± 0.06, and 8.13 ± 0.05. Furthermore, soil amendments had a marginally significant 

effect on soil pH in the second year (p = 0.086). Soil treated with compost, BC+C, and COMBI 

had average soil pH of 8.37 ± 0.08, 8.28 ± 0.10, and 8.27 ± 0.11. 

 

In the first year, electrical conductivity (EC) of soil amended with BC+C (0.437 ± 0.049 dS m-1) 

was marginally greater than soil amended with compost (0.29 ± 0.04 dS m-1) or COMBI (0.29 ± 

0.03 dS m-1; Table 4). In the second year, the LI2 treatment (0.11 ± 0.01 dS m-1) had statistically 

greater EC than the MI2 (0.14 ± 0.01 dS m-1) and HI2 treatments (0.13 ± 0.01 dS m-1; Table 4). 

 

3.1.3 Total N 

In the first year, effects of soil amendments and date on total soil N were statistically significant 

(p = 0.004 and p < 0.001). Soil amended with COMBI (1.35 ± 0.04 g N kg soil-1) and BC+C 
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(1.31 ± 0.04 g N kg soil-1) had statistically greater total N than soil treated with compost (1.17 ± 

0.02 g N kg soil-1). Furthermore, mean total soil N of all treatments were greater immediately 

following the first harvest (1.34 ± 0.03 g N kg soil-1) compared to the fallow period (1.21 ± 0.03 

g N kg soil-1). In the second year, soil amended with COMBI continued to have greater total N 

(1.29 ± 0.01 g N kg soil-1) compared to soil treated with compost (1.17 ± 0.01 g N kg soil-1) 

while total N of soil treated with BC+C (1.24 ± 0.01 g N kg soil-1) was statistically similar to 

both treatments (p = 0.043). 

 

3.1.4 Nitrate 

During the pre-season and first year, soil amended with COMBI had greater available NO3
- than 

soil amended with BC+C or compost (Table 2; Fig. 2). In the second year, however, there were 

no statistically significant effects of soil amendment, irrigation, or sampling date. 

 

Effect of date on bulk NO3
- concentration was statistically significant while irrigation treatment 

was marginally significant (Table S5). Mean soil NO3
- concentration of all treatments was 

highest 59 d after planting at 2.52 ± 0.30 mg NO3
- kg soil-1. Furthermore, treatments in the LI2 

and MI2 had 89% and 81% greater NO3
- concentrations than the HI2 (Table S4). Although 

measurements from all dates beyond 59 d after planting did not statistically differ from each 

other, there was a slight decrease in NO3
- concentrations over time (Table S4). Furthermore, 

there was no statistical difference in cumulative bulk soil NO3
- concentration between 

treatments.  
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3.1.5 Ammonium 

  Effects of treatments on available NH4
+ were not statistically or marginally significant 

until the second year (Table 2). During the second year, the LI2 treatment had marginally lower 

available NH4
+ than the MI2 and HI2 (Table S3). 

 

Regarding bulk soil NH4
+ concentration measured in the second year, the effect of date 

was statistically significant (Table S5). Mean NH4
+ concentration initially increased from 5.80 ± 

1.46 mg NH4
+ kg soil-1 in March 2021 to 8.70 ± 1.70 mg NH4

+ kg soil-1 in April 2021 (Table S4). 

Then, NH4
+  decreased from an average of 8.16 ± 1.11 mg NH4

+ kg soil-1 in May 2021 to 3.08 ± 

1.07 mg NH4
+ kg soil-1 in June 2021. Furthermore, there was no statistical difference in 

cumulative bulk soil NH4
+ concentration between treatments. 

 

3.1.6 Phosphate 

During the pre-season, the effect of soil amendment on available PO4
3- was statistically 

significant (Table 2). Soil amended with only compost had 62% greater available PO4
3- than soil 

amended with COMBI and BC+C (Fig. 3). Then, in the first year, there was a statistically 

significant interactive effect of soil amendment and irrigation treatment (Table 2). Irrigation had 

a greater effect on available PO4
3- in soil amended with BC+C compared to soil amended with 

COMBI or compost (Fig. 3). More specifically, available PO4
3- in soil amended with BC+C was 

highest in the HI1 but lowest in LI1. In the second year, the interactive effect of soil amendment 

and irrigation treatment was marginally significant while the effect of irrigation was statistically 

significant (Table 2; Fig. 3). The HI2 treatment had overall greater available PO4
3- compared to 
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other irrigation treatments. In addition, soil treated with only compost had the lowest average 

available PO4
3- in the HI2 treatment while soil treated with COMBI had the greatest. However, 

when irrigation was reduced, available PO4
3- of all soil amendments became more similar to each 

other. Furthermore, soil pH and available PO4
3- were statistically correlated (r = 0.44; p < 0.001).  

 

Regarding bulk soil PO4
3- concentration, soil amendments had a marginally significant effect on 

PO4
3- concentration at the end of the first growing season and during the fallow season (Table 

S5). Soil amended with COMBI had greater bulk PO4
3- concentration than soil amended with 

compost while soil amended with BC+C was statistically similar to soil amended with COMBI 

and compost (Table S4). Furthermore, in the second year, the interactive effect of soil 

amendment, irrigation, and date on bulk PO4
3- concentration was statistically significant (Table 

S5). The largest disparity in bulk PO4
3- concentration between soil amendment treatments was 56 

d after planting and during this time, the HI2 treatment had received irrigation once beyond the 

two germ irrigations (Table S1; Table S4). Furthermore, soil pH was not well correlated with 

bulk soil PO4
3- in the first year (r = -0.01; p = 0.955) or the second year (r = 0.17; p = 0.396). 

Lastly, soil amended with COMBI had marginally greater cumulative bulk PO4
3- in the second 

year compared to soil amended with BC+C or compost (p = 0.052; Table S4).   

  

3.2 Wheat characteristics 

3.2.1. Wheat aboveground characteristics 

In the first year, BC+C and COMBI amendments nearly doubled wheat emergence compared to 

the compost amendment (Table 4; Table 3). However, in the second year, only COMBI 
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improved wheat emergence compared to compost while BC+C had statistically similar 

emergence compared to the other amendments (Table 4; Table 3). In both years, EC was 

statistically correlated with wheat emergence (r = -0.42; p < 0.001) as was soil available PO4
3- (r 

= -0.38; p = 0.002). 

 

Regarding wheat plant height, main effects of soil amendment and irrigation treatments were 

statistically significant in the first year (Table 4). The COMBI and BC+C amendments increased 

plant height compared to soil amended with compost. Mean plant height in soils amended with 

COMBI, BC+C, and control were 61.41 ± 1.9 cm, 61.6 ± 2.3 cm, and 59.8 ± 3.2 cm. 

Furthermore, plant height in the HI1 treatment was 14% greater than plant height in MI1 and LI1 

treatments. In the second year, main effects of irrigation and soil amendment on plant height 

were statistically significant while the effect of soil amendment was only marginally significant 

(Table 4). Average plant height of wheat in the HI2, MI2, and LI2 treatments were 79.9 ± 1.2 

cm, 54.4 ± 0.8 cm, and 58.5 ± 0.7 cm. Regarding soil amendments, plant height of wheat in soil 

amended with BC+C, COMBI, and compost averaged 65.3 ± 7.9, 65.2 ± 7.2, 62.3 ± 5.9 cm. 

Mean plant height in both years was 62.4 cm. 

 

Flag leaf area was mainly affected by irrigation treatment, but soil amendments also had a 

marginally significant effect (Table 3; Table 4). More specifically, flag leaf area of wheat in soil 

amended with COMBI was marginally greater than that of soil amended with compost, but flag 

leaf area of wheat in soil amended with BC+C was statistically similar to both soil amendments 
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(Table 3). Additionally, flag leaf area was well correlated with mean soil moisture (r = 0.77; p > 

0.001). 

 

The interactive effect of soil amendment and treatment on grain yield was statistically significant 

in the first year (Table 3; Table 4). Soil amended with BC+C and COMBI had 31% and 45% 

greater yield than soil amended with compost in the HI1 treatment. In addition, soil amended 

with compost in the MI1 treatment had the lowest yield of all treatment combinations. In the 

second year, yield in the HI2 treatment was statistically greater than yield in MI2 and LI2 

treatments (Table 3; Table 4). Soil amended with BC+C had 29% greater yield than compost 

amended soil. However, yield of soil amended with COMBI was similar to both amendments. It 

is important to note that roughly 20% of wheat plants experienced lodging after 106 d since 

planting in one replicate of the COMBI amended soil in the HI2 treatment. Furthermore, there 

was a statistically significant correlation between EC and grain yield (r = -0.32; p = 0.011). 

However, yield and cumulative available NO3
- were not statistically correlated (r = 0.22; p = 

0.122). Lastly, yield and available PO4
3- were statistically correlated (r = 0.27; p = 0.037). 

 

Grain mass and protein content were also affected by irrigation treatments in both years (Table 

4). In the first year, the HI1 and MI1 treatments had the greatest 100 grain mass while the LI1 

treatment had the lowest (Table 3). In the second year, mean 100 grain mass of the MI2 

treatment was greatest while the LI2 treatment was the lowest. Regarding grain protein content, 

the HI1 treatment had the lowest protein while the LI1 treatment had the highest in the first year 

(Table 3). However, this effect was only marginally significant (Table 4). Differences in grain 
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protein content between treatments were more pronounced in the second year. More specifically, 

soil amended with compost had statistically greater grain protein in the second year compared to 

other amendments (Table 3; Table 4). Furthermore, grain protein was well correlated with mean 

soil moisture (r = -0.78; p > 0.001), but not soil available NO3
- (r = -0.18; p = 0.219). In addition, 

grain mass was somewhat correlated with mean soil moisture (r = 44; p = 0.023), but not 

cumulative available NO3
- (r = 0.12; p = 0.400). 

 

In the first year, there was a statistically significant interactive effect of soil amendment and 

irrigation treatment on grain test weight (Table 4). Soil amended with BC+C had the highest test 

weight of all amendments in the HI1 and LI1 treatments while all amendments in the MI1 were 

statistically similar (Table 3). In addition, soil treated with COMBI in the LI1 treatment had the 

lowest test weight of all treatment combinations. Furthermore, test weight increased with 

increasing irrigation frequency, especially in soil amended with COMBI. In contrast, the MI2 

treatment had the greatest grain test weight in the second year while the LI2 treatment had the 

lowest, but there was no statistical interaction with soil amendments.  

 

Regarding plant above-ground biomass, there was an interactive effect of soil amendment and 

irrigation treatment in both years (Table 4). Soil amended with COMBI and BC+C had the 

greatest above-ground biomass in the HI irrigation in both years with COMBI having the greatest 

of all treatment combinations in the first year (Table 3). Furthermore, COMBI and BC+C 

amendments improved above-ground biomass in the MI treatments to the point where they were 

statistically similar to that of soil amended with only compost in the HI treatment in both years.  
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3.2.2 Root biomass 

Total root mass did not differ between treatments. However, treatments did have statistically 

significant effects on root mass at 0-20 cm and 80-100 cm depths. In the 0-20 cm depth, the HI2 

treatment had the greatest root mass while the MI2 and LI2 treatments were statistically similar 

(p = 0.013; Fig. 4). In addition, the interactive effect of irrigation and soil amendment was 

marginally significant (p = 0.072). In the 80-100 cm depth, soil amended with BC+C had 8x 

greater root mass than soil amended with compost while root mass in soil amended with COMBI 

was statistically similar to soil amended with compost (p = 0.012; Fig. 4). Root mass in the 80-

100 cm depth made up 3.5%, 0.7%, and 0.5% of total root mass collected from soils amended 

with BC+C, COMBI, and compost alone. 

4. Discussion 

Biochar is a potential solution to improve soil water and nutrient retention to benefit crop 

productivity in regions experiencing water scarcity. We tested effects of (1) untreated biochar 

with compost added at time of soil application, (2) co-composted biochar, and (3) a control 

treatment with only compost on soil available nutrients and wheat growth in a desert cropland 

with alkaline soil. To better understand water retention-related effects of biochar and co-

composted biochar, we applied irrigation to our treatment plots at low, medium, and high 

frequency. We found that soil amendments had short-term effects (< 1 year) on soil available 

nitrate and phosphate, but plant growth improvements continued into the second year. In 

addition, biochar amendments were more effective at improving many plant growth variables, 

but only when irrigation was more frequent. 
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Because biochar remains in soil for many years, we were surprised to find that untreated biochar 

with compost did not improve soil water retention as much and as long as co-composted biochar. 

There are several possible reasons for this. First, it is possible that the pore space within biochar 

retained water for longer, but eventually clogged with soil minerals over time. This was observed 

in a previous study using microscopy (Sorrenti et al., 2016). In contrast, soil amended with co-

composted biochar continued to retain more water longer than other treatments, which may be 

due to pores of biochar being clogged with organic matter during composting rather than with 

soil particles. The bulk density of organic matter tends to rebound after compaction to restore 

pore space whereas soil particles compact and do not rebound, resulting in tightly packed 

particles with reduced or plugged pore space (Soane, 1990). Another possible mechanism for the 

disparity in water retention between biochar amendments is that the co-composted biochar 

particles were chemically weathered through the composting process while untreated biochar 

particles were not. Surface oxidation through co-composting has been shown to improve 

biochar’s surface hydrophilicity (Wiedner et al., 2015; Hagemann et al., 2017a). Past studies 

recorded conditions in which biochar contains hydrophobic characteristics (Jeffery et al., 2015; 

Gray et a;., 2014), so the untreated biochar in our study may have retained its surface 

hydrophobicity once added to soil. However, Hagemann et al. (2017a) found that untreated 

biochar that has been aged in soil can exhibit a similar surface oxidation, so it is unclear if this 

occurred in the untreated biochar. Therefore, these two mechanisms may have contributed to the 

co-composted biochar maintaining greater water retention throughout the study. 
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The short-term increase in available nitrate (NO3
-) in co-composted biochar amended soil was 

likely due to greater NO3
- concentration in the co-composted biochar. Hagemann et al. (2017b) 

reported similar findings using co-composted biochar in a. However, because total N was greater 

in co-composted biochar amended soil, it is possible that microbial N immobilization occurred as 

available NO3
- content of all soil amendment treatments was similar in the second year. Possible 

N immobilization may have resulted from the greater amount of incoming carbon-containing 

wheat residue in co-composted biochar amended soils after the first year. The greater above-

ground biomass production in the co-composted biochar amended soil supports this possible 

mechanism. From this, we gather that co-composting biochar can provide a route for adding 

more NO3
- to soil. However, co-composted biochar did not significantly improve soil available 

NO3
- beyond one year, indicating that additional N fertilizer applications are needed to meet 

wheat requirements in the long-term. 

 

The adsorption capacity of biochar was likely responsible for the immediate reduction in 

available phosphate (PO4
3-) that occurred in soil treated with biochar amendments compared to 

compost alone. This contrasts several studies that found available phosphate increased due to 

various types of biochar having beneficial effects on phosphorus solubilizing microorganisms in 

sandy soil and mineral growth media (Qian et al., 2019; Zheng et al., 2019). This effect subsided 

over time, which may be due to irrigation effects. Irrigation events likely prompted organic 

matter mineralization and PO4
3- mobilization while drier conditions increased PO4

3- 

precipitation. Available PO4
3- in soil amended with untreated biochar with compost was 

especially sensitive to irrigation frequency. However, it is unclear why this trend did not occur in 

soils containing only compost and co-composted biochar in the first year. Besides available 
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PO4
3, bulk soil PO4

3- concentration data supports that PO4
3- concentration was actually greater in 

soils containing untreated biochar with compost and co-composted biochar in the first year, but 

this bulk PO4
3- was not necessarily mobile. In the second year, PO4

3- mineralization and 

mobilization likely led to greater available PO4
3- in the high frequency irrigation treatment in the 

second year, but these mechanisms cannot explain why available PO4
3- in medium and low 

frequency irrigation treatments are similar. In the second year, available NH4
+ was greater and 

pH was lower with more frequent irrigation in the second year, which suggests that the wheat 

residue was decomposing, which leads to nutrient mineralization and more available PO4
3-. 

Furthermore, while alkaline soils can reduce available PO4
3- around pH 8.0 due to PO4

3- fixation 

by calcium, our results show a contrasting effect where PO4
3- decreased as soil alkalinity 

increased beyond pH 8.0. Therefore, it is more likely that PO4
3- mineralization and mobilization 

from frequent irrigation is contributing greatest to available PO4
3-. While this is clearly beneficial 

for wheat growth in our study, excessive irrigation may leach PO4
3- deeper than roots can access. 

Results of this study further our collective understanding of (1) available phosphate in soils 

amended with biochar produced at higher temperatures and (2) available phosphate in biochar-

amended alkaline soils (Glaser and Lehr, 2019). 

 

Despite differences in soil water retention between biochar amendments, both amendments 

improved several wheat growth metrics in both years. To start, there are several possible 

mechanisms that contributed to wheat emergence. First, biochar amendments likely reduced soil 

surface sealing that can occur after wetting, which improved wheat emergence in the first year. 

Improved emergence may have been a main contributing factor to above-ground biomass 

measurements as biomass was measured per area and not per plant. In addition, it is possible that 
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wheat residue from left over biomass contributed to disruption of surface sealing and improved 

emergence in the following year because treatments with greatest above-ground biomass in the 

first year had the greatest wheat emergence in the second year. Another possible mechanism 

affecting wheat emergence is soil salinity because wheat is most sensitive to salts at the seedling 

stage (Maas and Poss, 1988). Furthermore, wheat above-ground biomass was the only variable 

affected by treatment interactions in both years. This is likely because many wheat features, 

including flag leaf area, plant height, grain mass, and yield contribute to above-ground biomass. 

Biochar amendments have less of an effect on several wheat growth variables as water becomes 

scarcer and therefore, we can conclude that biochar does not improve wheat growth when 

irrigation frequency is reduced by greater than 30% in our study. 

 

The difference in yield between years may be related to either the addition of urea or soil 

salinity. Urea can provide N for wheat growth, so the urea application likely provided enough N 

to relieve wheat growth limitations. Considering that an equal rate of urea was added to all plots, 

urea may have been more effective in frequently irrigated soils. However, frequently irrigated 

soils can leach NO3
- provided by urea (Singh et al., 1984), therefore EC likely had a greater 

effect on yield. This is supported by the strong correlation between yield and electrical 

conductivity in both years. 

 

The ability of co-composted biochar to retain more water for longer may have been detrimental 

to grain yield in the second year. As mentioned, wheat lodging likely affected grain yield in soil 

amended with co-composted biochar in the high frequency irrigation treatment during the second 
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year. This is supported by the relatively large standard error for yield of this treatment. Lodging 

can be caused by overly wet soil during grain filling (Pinthus, 1974), so it is likely that co-

composted biochar retained water to the point where wheat was overwatered because irrigation 

timing was determined by soil moisture of compost-amended soil. Furthermore, untreated 

biochar with compost had the greatest grain yield in the second year, yet the lowest maximum 

soil moisture. Although the greater root mass at deeper soil depth in soil amended with untreated 

biochar plus compost could have provided water to enhance grain yield, this was not observed. 

Instead, wheat in soil amended with untreated biochar plus compost may have allocated its 

energy to grow roots downward to access water rather than toward grain development (Davies 

and Zhang, 1991), which explains why yield increases did not occur when water was scarce. Our 

results are consistent with a previous study about maize yield that found no yield improvement 

when irrigation was reduced in a semi-arid soil amended with biochar at 30 Mg ha-1 (Foster et 

al., 2016). Overall, both biochar amendments improved grain yield, but not when water is scarce.  

 

Besides grain yield, grain protein content is also an important metric. Grain protein content of 

durum wheat determines its functionality in food production and therefore, grain protein content 

can be used to determine grain price and demand (Tilley and Chen, 2012). In our study, 

differences in protein content was mainly determined by water availability. Too much water will 

reduce grain protein content and at a certain point, the grain price will be discounted. The lowest 

grain protein content occurred in the highest yielding treatments. This means that wheat growers 

may be sacrificing protein content for higher yields if using biochar amendments. In addition, 

reducing irrigation frequency resulted in similar yield but lower grain protein content in soils 

amended with untreated biochar with compost and co-composted biochar compared to compost 
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alone. Therefore, wheat growers using biochar amendments will need to adjust their irrigation 

frequency for their desired protein content.  

 

Biochar’s effect on wheat growth may contribute to wheat production sales, however, the cost of 

biochar is currently a barrier to its use. In 2021, Arizona produced 222.4 bu ha-1 wheat and wheat 

was priced at $7.85 per bushel (USDA NASS, 2021). According to our results from the second 

year, if we apply untreated biochar (45.3 Mg ha-1) with compost (52.3 Mg ha-1) and have a 29% 

increase in grain yield per area, we would produce 286.9 bu ha-1, increasing wheat production 

value from $1,745.80 ha-1 to $2,252.08 ha-1. Considering that Arizona has 21,044 harvested 

hectares of wheat, this would increase total wheat production value from $36,738,000 to 

$47,392,062. However, biochar is currently expensive in the US (averaging $1,600 USD per 

Megagram; US Biochar Initiative, 2018), so incorporating biochar at a rate of 45.3 Mg ha-1 

would cost, on average, $72,480 ha-1 and over $1.5 billion ($1,525,245,346.56) to apply biochar 

to all wheat croplands. In addition, compost applied at 52.3 Mg ha-1 priced at $73.50 Mg-1 

(Tank’s Green Stuff) would cost $3,843.40 ha-1 and $80,879,248.96 for all Arizona wheat acres. 

Since other crops are rotated with wheat, it is possible that biochar will improve yield of other 

crops grown in the same soil. In addition, this experiment demonstrates that biochar can have 

multi-year effects on crop yield after one application and as biochar production increases in the 

U.S., biochar prices will likely decrease. Therefore, economic feasibility of biochar application 

should be continually assessed and calculated for individual biochar products and cropping 

systems.  
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In conclusion, our study demonstrates that wheat growth in an irrigated desert cropland can 

benefit from an application of untreated biochar with compost or co-composted biochar. There 

are limitations, however, that must be taken into account when using either material. A small 

reduction in irrigation may be possible and even required when using co-composted biochar to 

improve wheat yield while keeping gain protein content within satisfactory levels. However, we 

do not recommend a large (30%) irrigation reduction as described in our study. In addition, 

short-term beneficial effects on soil nitrate may not be worth the cost of co-composted biochar at 

this time. However, we can recommend composting with biochar for the purpose of improving 

compost nitrate content. Furthermore, additional phosphate fertilizer or compost is likely 

required when using either biochar amendment in soils with low available phosphate. Overall, 

we have shown that biochar amendments benefit wheat productivity, but do not maintaining 

productivity when water is reduced by 30%. 
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Table B.1 Properties of soil amendments 

Property Pacific Biochar Compost Co-composted biochar 
% Carbon 81.2 14.5 30.0 
% Organic Carbon 77.1 14.0 29.6 
% Nitrogen 0.18 1.0 0.98 
C:N 450.1 14.6 30.7 
Electrical Conductivity (dS m-1) 1.1 0.70 0.50 
Bulk Density (g cm-3) 0.12 0.64 0.13 
pH 10.39 8.70 8.48 
Nitrate-N (mg NO3

--N kg-1) 0.97 2.2* 5.97 
Ammonium-N (mg NH4

+-N kg-1) <0.01  2.41 2.13 
Phosphate-P (mg PO4

3--P kg-1) 76.3 291.2 697.2 
SSA (m-2 g) 387.6 - - 
% Ash 23.1 ± 10.0 58.2 ± 1.6 53.5 ± 4.5 
% Carbonates (CaCO3 eq) 4.95 0.50 0.50 
Water-holding Capacity (gg-1) 5.16 1.72 2.10 

* Compost nitrate content as report in the Tank’s Green Stuff USCC STA Report created by Soil 

Control Lab (Watsonville, CA). 
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Table B.2 p-values for cumulative available nutrient data analyses. Statistically significant 

effects are shown in bold font and marginally significant effects are denoted by  *. 

Nutrient Time Period    Soil Amendment          Irrigation Soil Amendment x Irrigation 
 F-Value Sig.  F-Value Sig.  F-Value Sig. 

PO4
3- Pre-season  19.376 <0.001       

 Year 1  2.626 0.101  8.576 0.008  6.561 0.002 
 Year 2  0.211 0.813  12.252 <0.001  2.830 0.073* 
NO3

- Pre-season  10.268 <0.001       
 Year 1  7.924 0.004  0.945 0.414  0.958 0.458 
 Year 2  0.271 0.770  5.536 0.348  0.142 0.961 
NH4

+ Pre-season  2.443 0.111       
 Year 1  1.669 0.219  0.469 0.640  1.032 0.420 
 Year 2  2.789 0.165  5.383 0.052*  0.748 0.605 
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Table B.3 Wheat yield and growth characteristics. Standard errors are shown in parenthesis. 

Treatment Yield 
(kg ha-1) 

100 Grains (g) Above-ground 
Biomass (g m-2) 

Grain Protein 
(%) 

Emergence (plants 
per 20 transects) 

Flag Leaf 
Size (cm2) 

Irrigation  Amendment       2020 2021 2020 2021 2020 2021 2020 2021 2020 2021 2021 
     HI  Control 

 
2617 B* 
(165) 

5475ba  
(172) 

4.35a 

(0.17) 
3.57ab 

(0.24) 
10.28 BC 
(0.40) 

13.49 B 
(1.77) 

17.61b 

(0.28) 
13.75 ac 

(0.61) 
30.05 b 
(3.17) 

62.43 b 
(4.92) 

10.23a 

(1.06) 
 BC+C 

 
3439 A 
(219) 

7056aa 

(345) 
4.56a 

(0.13) 
3.64ab 

(0.18) 
12.35 AB 
(0.95) 

22.75 A 
(0.16) 

16.81b 

(0.60) 
11.18 bc 

(0.24) 
54.55 a 
(4.24) 

77.17 ab 
(2.23) 

12.17a 

(1.75) 

 COMBI 
 

 

3803 A 
(179) 

5624aba 

(775) 
4.40a 

(0.14) 
4.07ab 

(0.67) 
15.45 A 
(0.56) 

21.26 A 
(1.76) 

17.37b 

(0.78) 
12.06 bc 

(0.60) 
63.08 a 
(1.75) 

77.33 a 
(3.32) 

14.00a 

(0.09) 

     MI Control 
 

1633 C 
(110) 

1579bb 

(106) 
3.91a 

(0.16) 
4.04a 

(0.05) 
5.63 D 
(0.71) 

7.34 C 
(0.65) 

17.61ab 

(0.64) 
18.69 ab 

(0.42) 
35.01 b 
(3.47) 

69.13 b 
(2.60) 

9.00b 

(0.38) 

 BC+C 
 

1970 BC 
(230) 

2493ab 

(677) 
3.90a 

(0.07) 
4.11a 

(0.25) 
9.22 BCD 
(1.11) 

9.20 BC 
(0.39) 

18.23ab 

(0.86) 
17.76 bb 

(0.53) 
64.08 a 
(4.28) 

72.23 ab 
(5.22) 

10.41b 

(0.89) 

 COMBI 
 

 

2353 BC 
(86) 

2292abb 

(595) 
4.19a 

(0.06) 
4.11a 

(0.18) 
10.58 BC 
(0.49) 

9.34 BC 
(1.06) 

18.04ab 

(0.50) 
16.95 bb 

(0.69) 
60.60 a 
(2.26) 

78.27 a 
(4.55) 

9.43b 

(0.34) 

     LI Control 
 

2108 BC 
(240) 

1409bb 

(185) 
3.53b 

(0.04) 
3.07b 

(0.04) 
7.99 CD 
(0.73) 

5.58 C 
(0.68) 

18.36a 

(0.54) 
19.35 aa 

(0.52) 
32.58 b 
(2.80) 

60.17 b 
(7.39) 

6.41c 

(0.50) 

 BC+C 
 

2081 BC 
(213) 

1470ab 

(171) 
3.60b 

(0.29) 
3.09b 

(0.06) 
8.09 CD 
(0.67) 

5.57 C 
(0.41) 

17.99a 

(0.43) 
19.06 ba 

(0.33) 
61.80 a 
(7.55) 

64.30 ab 
(1.99) 

6.91c 

(0.99) 

 COMBI 1956 BC 
(69) 

1520abb 

(122) 
3.39b 

(0.17) 
3.31b 

(0.20) 
8.07 CD 
(0.64) 

6.76 C 
(0.76) 

19.65a 

(0.53) 
18.84 ba 

(0.33) 
62.70 a 
(4.23) 

70.33 a 
(5.66) 

8.17c 

(0.15) 
             

* Uppercase letters indicate statistically significant interactive effects of irrigation and soil amendments. Lowercase letters indicate 

statistically significant effects of soil amendments. Lowercase superscripts indicate statistically significant irrigation effects.
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Table B.4 p values from repeated measures ANOVA 

Measurement  Soil 
Amendment 

Irrigation 
Treatment 

Soil x Irrigation 
Treatment 

 Year F-value Sig. F-value Sig. F-value Sig. 
Soil Moisture (cm3 
cm-3) 

2020 8.970 0.002 15.281 0.001 0.353 0.838 
2021 6.640 0.011 74.670 <0.001 0.409 0.799 

Electrical 
Conductivity (dS m-1) 

2020 3.23 0.063* 1.027 0.396 1.966 0.143 
2021 0.686 0.523 45.123 <0.001 0.172 0.949 

Emergence (Plants 
per 20 Transects) 

2020 68.423 <0.001     
2021 5.923 0.016 2.203 0.192 0.504 0.660 

Flag Leaf Area (cm2) 2021 3.446 0.066* 45.733 <0.001 1.053 0.431 

Plant Height (cm) 2020 5.830 0.011 15.711 0.001 0.909 0.480 
2021 4.490 0.035 120.194 <0.001 2.342 0.114 

Above-ground 
Biomass (g m-2) 

2020 15.138 <0.001 45.065 <0.001 3.990 0.017 
2021 10.599 0.002 288.390 <0.001 5.063 0.013 

100 Grain Mass (g) 2020 0.476 0.630 14.523 0.002 1.684 0.197 
2021 0.791 0.476 9.484 0.014 0.158 0.956 

Grain Protein (%) 2020 1.133 0.344 3.582 0.072* 1.022 0.422 
2021 6.312 0.013 200.164 <0.001 1.652 0.225 

Test Weight (g per 
250 mL) 

2020 3.645 0.047 18.294 <0.001 5.823 0.004 
2021 0.717 0.508 14.221 0.005 1.756 0.203 

Yield (t ha-1) 2020 10.223 0.001 36.355 <0.001 4.693 0.009 
2021 4.079 0.045 66.281 <0.001 1.621 0.233 

Statistically significant effects are shown in bold font and marginally significant effects are 

indicated by *. 
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Figure B.1. Mean soil moisture of each amendment separated by irrigation treatment and year 

and mean daily air temperature and precipitation collected by a nearby Tucson AZMET site. 

Standard error of mean soil moisture for soil amended with compost, BC+C and COMBI was ± 

0.006, ± 0.006, and ± 0.008 in 2020 and ± 0.007, ± 0.010, and ± 0.009 in 2021. 

Figure B.2. Cumulative available nitrate. Error bars represent standard error. Significant 

differences within measurement periods are indicated by *.  

Figure B.3. Cumulative available phosphate extracted from ion-exchange membrane resins 

(IERM). Error bars represent standard error. Statistically significant effects of soil treatments are 

indicated by *. Different letters show statistically different irrigation and interaction effects.  

Figure B.4. Root biomass for all treatments at 0-20 cm and 80-100 cm. Error bars indicate 

standard error. Capital letters indicate statistical differences. 
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Figure B.1 
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Figure B.2 
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Figure B.3  
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Figure B.4  
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Abstract 

The southwestern U.S. contains many acres of irrigated croplands with poor soil structure, so 

enhancing water-stable aggregates in these lands can improve soil structure and reduce erosion, 

thereby mitigating water and nutrient losses. Biochar is a porous, carbonaceous material with 

characteristics that potentially improve soil aggregate formation, but few studies have reported 

irrigation frequency effects on soil aggregation in biochar-amended soil. Furthermore, co-

composting with biochar further enhances these aggregate-building characteristics, so it is 

possible that co-composted biochar will lead to greater aggregation that untreated biochar. To 

test effects of wetting and drying frequency in soils amended with biochar and compost 

combined in the field and co-composted biochar, a field experiment was set up for two years 

with two seasons of growing wheat. We found that both biochar amendments did not lead to 

greater aggregate formation or water-stability. However, we did find that the least frequent and 

most frequent irrigation treatments had less water-stable aggregates compared to a medium 

frequency at the end of the experiment. In addition, soil aggregates were most stable during the 

fallow season when there were no flood irrigation events. While biochar and co-composted 

biochar did not increase aggregate formation, irrigation frequency can be altered during crop 

growth to enhance aggregate formation during fallow seasons.  
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Keywords: Water-stable macroaggregates, co-composted biochar, irrigation frequency, inorganic 
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1. Introduction 

Conventional cropland management practices such as irrigation can have dire effects on soil 

structure, especially in desert croplands. Desert soils typically have poor soil structure and lack 

water-stable aggregates (Mahmoodabadi and Ahmadbeigi, 2013), resulting in low water, 

nutrient, and carbon storage capacity (Blanco-Canqui and Lal, 2004; Li et al., 2020). 

Furthermore, soils that lack water-stable aggregates can suffer from surface sealing upon wetting 

and subsequent drying which reduces the likelihood of plant emergence (Assouline, 2004). 

Considering that Arizona, for example, has over 700,000 acres of annual crops harvested with 

most acres experiencing multiple harvests (USDA NASS, 2021), there are many acres of soil that 

are cultivated continuously and therefore, will likely benefit from improved water, nutrient, and 

carbon storage capacity. Understanding management practices that improve soil structure in arid 

irrigated croplands is key to improving water, nutrient, and carbon storage as well as reducing 

erosion and surface sealing. 

 

One of the main factors in building soil structure is organic matter (OM; Tisdall and Oades, 

1982, Amézketa, 1999; Mahmoodabadi and Ahmedbeigi, 2013). However, desert soils lack OM 

inputs due to sparse vegetation and have high rates of OM decomposition  (Wildung et al., 1975; 

Barnes et al., 2015). Recently, a carbon-rich material called biochar has been shown to contain 

several chemical and physical characteristics that improve aggregate formation when added to 

soil (Omondi et al., 2016). However, studies about effects of biochar on water-stable aggregates 

in alkaline soils have been inconclusive (Islam et al., 2021).  
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Biochar is a stabile form of carbon produced from organic matter during pyrolysis (i.e. heating to 

>300°C under anoxic to oxygen-limited conditions). The structure of biochar contains a vast 

amount of pore space that can retain water, nutrients, and even microbes when added to desert 

soil (Diatta et al., 2020). The surface of biochar also contains reactive functional groups that can 

adsorb and exchange nutrients (Liang et al., 2006; Banik et al., 2018). Biochar was found to 

increase plant biomass and root growth in addition to hyphae, which all contribute to aggregate 

stabilization (Jien and Wang, 2013; Diatta et al., 2020). Biochar was also shown to increase 

microbial activity during dry periods by improving water retention compared to soil without 

biochar (Hashem et al., 2019); microorganisms facilitate aggregate formation (Harris et al., 

1966). Therefore, biochar can improve multiple factors that contribute to aggregate formation. 

 

In controlled lab and greenhouse studies, biochar has been shown to increase soil aggregate 

formation (Ouyang et al., 2013; Liu et al., 2012; Sun and Lu, 2014) or have no effect (Lui et al., 

2012). These dissimilar findings are mainly due to different biochar production methods, 

feedstock, particle size, application rates, and soil characteristics. For example, water-stable 

aggregates increased after a biochar application in sandy loam soil, but not in clay soil when 

aggregates did not have a pretreatment (Pituello et al., 2018). A second example is that Ajayi and 

Horn (2016) found that biochar application rates greater than 5% did not significantly increase 

aggregation because the biochar made soil more brittle. While biochar can provide components 

that contribute to soil aggregation and aggregate water stability, these characteristics do not 

always improve aggregation. 
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The aggregation-promoting properties of biochar can be further enhanced through composting. 

More specifically, the cation exchange capacity of biochar has been shown to increase after 

composting (Prost et al., 2013; Wiedner et al., 2015), which will enhance its ability to exchange 

nutrients or accept and donate electrons for processes related to microorganisms and enzymes 

(Gorovtsov et al., 2020). These processes can contribute to soil aggregation. In addition, nutrient 

content of composted biochar (henceforth called COMBI) is greater than untreated biochar 

(Fischer and Glaser, 2012), providing plants with essential nutrients. Furthermore, co-composted 

biochar has been shown to exhibit an organic coating similar to biochar that has been aged in soil 

(Hagemann et al., 2017). Therefore, co-composted biochar may increase soil water-stable 

aggregates greater than untreated biochar with compost mixed during soil application.  

 

Cropland management can degrade or build soil aggregates, depending on soil inputs and 

management practices (Bronick and Lal, 2005). Abrupt wetting, such as flood irrigation, can 

physically disrupt aggregates beyond the extent to which the drying process stabilizes aggregates 

(Six et al., 2004). Wetting processes mainly affect macroaggregates (> 250 μm; Oades, 1986). 

However, there is an example that shows that macroaggregate stability is not affected after a 

certain number of wet-dry cycles (Denef et al., 2001). In desert croplands, inorganic carbon also 

contributes to soil aggregation through its cementing capabilities as soils dry (Denef et al., 2008).  

 

To more fully understand effects of biochar and co-composted biochar on water-stable 

macroaggregates (0.25 mm – 2.0 mm) in irrigated croplands of hot arid regions, we were 

motivated by two main questions. First, given that drying and wetting cycles disrupt 
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macroaggregates in irrigated soils despite biochar containing properties that contribute to 

aggregate stability, can biochar be used to increase formation of water-stable macroaggregates in 

an alkaline desert cropland regardless of irrigation frequency? Second, if co-composting 

enhances biochar’s ability to contribute to soil aggregate formation and stability, does co-

composted biochar cause a greater increase in soil macroaggregate formation compared to than 

biochar? To address these two questions, we set up a two-year field experiment growing wheat 

with different irrigation frequencies in soil that was treated with (1) untreated biochar with 

compost added at time of application, (2) co-composted biochar, and (3) a control treatment with 

only compost (i.e., no biochar).  
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2. Materials and methods 

2.1 Biochar and co-composted biochar description 

We used a mixture of low-ash Blacklite Pure biochar (6% ash) and higher-ash Blacklite Pure 

biochar (25% ash) from Pacific Biochar (Santa Rosa, CA). The biochar product (1/4” minus) is 

produced from mixed softwood forestry residue in a modified biomass reactor at 760 °C for 

approximately 10 minutes.  

 

We produced co-composted biochar (COMBI) at a commercial composting facility (Tank’s Green 

Stuff, The Fairfax Companies, Tucson, AZ). In brief, a compost windrow was made by mixing 

21.2% organic dairy manure (0.22 g C g-1), 37.3% woodchips (0.42 g C g-1; < 5.1 cm), and 41.2% 

biochar by mass. To remove large compost particles from COMBI and compost prior to soil 

application, both materials were sieved with a 0.64-cm screen prior to soil application. 

 

Characteristics of biochar, compost, and co-composted biochar including available nutrients 

(NO3
-, NH4

+, PO4
3-), total carbon and nitrogen, inorganic carbon, organic carbon, ash content, 

and pH were measured and reported in Appendix B of this dissertation. Specific surface area of 

biochar was also measured and reported in Appendix B. 

 

2.2 Field experiment 

2.2.1 Site description 

We conducted a two-year field experiment at The University of Arizona Campus Agricultural 

Center (CAC) in Tucson, Arizona (32°16'56.6"N 110°56'50.3"W). The region has a mean annual 
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temperature of 21.7 °C and mean annual precipitation of 269 mm. During the experiment, air 

temperature and precipitation data were retrieved from The Arizona Meteorological Network 

(AZMET) site that is located at the CAC. Plots (3.7 m x 4.6 m) were set up in a lattice-square 

pattern in a field that was previously fallow for ten years. Soil in the field has a sandy loam 

texture (53.1% sand, 11.0% clay, and 35.9% silt) containing 1.56% C and 0.09% N. The soil is 

classified as a Typic Torrifluvent (Glendale soil series; Soil Survey Staff, 2012).  

 

To quantify the field-scale effects of untreated biochar with compost compared to co-composted 

biochar (COMBI) on water-stable macroaggregates (250-2000 μm; WSA) and soil carbon, we 

applied the organic amendments on 14th and 15th November 2019. The soil amendments 

consisted of 1) untreated biochar with compost that was mixed during field application (BC+C), 

2) COMBI, and 3) a control treatment with compost and without biochar. The BC+C treatment 

contained 45.3 Mg ha-1 biochar (dry weight) and 52.3 Mg ha-1 compost (dry weight), which was 

a high rate of biochar application compared to most studies (Edeh et al., 2020). The COMBI 

treatment contained 70.7 Mg ha-1 (dry weight) of COMBI. The control treatment received 

compost at a rate of 52.3 Mg ha-1. There were four replicates of the nine soil-by-irrigation 

treatment combinations in the first year of the study, whereas there were three replicates in the 

second year because a building was constructed over of the south end of the field. After 

amendment application, soil was disked to incorporate amendments.  

 

Irrigation treatments consisted of low-frequency irrigation (LI), medium-frequency irrigation 

(MI), and high-frequency irrigation (HI). The HI treatment received irrigation when the reference 
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soil moisture (control treatment at depth of 45 cm) dried to 13% volumetric water content 

(VWC). We chose to place the reference soil moisture at the 45 cm depth because this is 

considered the lower depth of soil moisture accessible to wheat (Panda et al., 2003). At this 

VWC for sandy loam soil, roughly 50% of plant available water (PAW) remained at which time 

irrigation was recommended for wheat in this region (Husman et al., 1999). Irrigation water 

volume was measured using a flow meter and distributed through lay-flat tubing with 

distribution holes every 1.5 m. The irrigation volume was calculated as the volume of water 

needed to bring the soil moisture back to field capacity. In the first year, rows in the MI 

treatment received irrigation when reference soil moisture fell below 18% moisture after the 

second irrigation of HI rows. Rows in the LI treatment received irrigation every other time the 

HI treatment received irrigation. We made the decision to further reduce irrigation frequency in 

the MI and LI in the second year because the grain yield in the first year was similar between the 

two irrigation treatments. Therefore, in the second year, the MI treatment received irrigation 

every other time the HI was irrigated and the LI received irrigation every third time the HI was 

irrigated. Irrigation water contained 72.0 ppm sodium (Tucson Water Quality Report). Irrigation 

dates and volume are presented in Table S1. 

 

Plots were divided into rows containing three plots each with each of the three irrigation 

treatments randomly assigned to each row. Then, we assigned each of the three soil amendment 

treatments to plots using a three by three lattice square design. In order to spatially separate 

irrigation treatments from each other, we included a 3.7 m buffer space between each row that 

contained two 1.5 m soil berms built with a tractor that were 0.7 m apart. There was a 1.4 m 

buffer space between plots in each row to spatially separate soil amendments plots. 
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We planted Westmore HP durum wheat seeds (Triticum turgidum L. var. durum) on 15th January 

2020 in the first year and harvested on 1st June 2020. Prior to planting, soil was lightly disked. In 

the second year, we seeded on 5th January 2021 and harvested on 19th May 2021. Planting date in 

the first year was slightly delayed by precipitation. Seeding rate in both years was 196 kg ha-1. 

After the first growing season, berms were flattened in order to drive a tractor in the field to mow 

the remaining wheat to 15 cm above soil surface. By not tilling wheat into the soil, wheat residue 

could act as a protective cover over soil during summer monsoon rains that include strong winds, 

heavy rain, and flash flooding. Before planting in the second year, we measured soil nitrate, 

which was found to be lower than recommended levels for growing wheat (Ottman and 

Thompson, 2015). Therefore, on 23rd December 2020, the field was tilled with a disc and 

granular urea was applied at a rate of 336 kg ha-1. In order to incorporate urea into the soil, the 

field was tilled with a disc again and irrigation. 

 

2.2.2 Soil water-stable aggregates 

To quantify effects of soil amendments and irrigation treatments on soil aggregation formation 

and water-stability (WSA), we collected soil samples (0-10 cm) by digging a small pit to 15 cm 

and removing soil horizontally with minimal structural disturbance in three locations in each 

plot. Samples were collected at the end of the first growing season (June 2020), once during a 

fallow season (September 2020), and once per month during the second growing season 

(January, February, March, April, May, and June 2021). Soil was air dried and then sieved to 2 

mm by gently pulling apart large aggregates to separate soil along natural breakage lines. 
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To quantify WSA (0.25 mm – 2.0 mm) in air dried soil samples, we sieved 2.0 ± 0.1 g soil (1.0 – 

2.0 mm) on a 0.25 mm sieve. The sieve was gently lowered and raised out of a stainless steel can 

containing deionized water for 3 min using a commercial wet sieving apparatus (Eijkelkamp 

Agrisearch Equipment, Giebeek, the Netherlands). Once WSA were separated from unstable 

aggregated soil, we added a sodium hexametaphosphate solution to disperse WSA to separate 

aggregated material from sand, biochar, and other particles larger than 0.25 mm. Soil water-

stable aggregates were calculated as a percentage of soil mass excluding sand (> 0.25 mm). 

 

2.2.3 Soil chemical properties 

To measure effects of treatments on total soil carbon (TC), organic carbon (OC), and inorganic 

carbon (IC), we measured carbon in soil samples collected from 0-10-cm in June 2020, 

September 2020, January 2021, and June 2021. We quantified TC using an elemental 

combustion analyzer (Elementar Vario MAX Cube Combustion Analyzer, Elementar Americas, 

Inc., Ronkonkoma, NY). We quantified IC using calcimetry (Sherrod et al., 2002; Horváth et al., 

2005). To do so, we added 2.0 ± 0.1 g oven dried soil to a glass vial. We capped the vial with an 

aluminum cap that held a rubber septum. We injected 10 ml of 4 N HCl into the glass vial using 

a hypodermic needle and shook the vial for 10 min on a mechanical shaker at 140 rpm. Then, the 

vial sat for 30 min followed by another 10 min of shaking on the mechanical shaker at 140 rpm. 

Next, we used manometer to measure pressure built up in the vial (VWR International 33500-

086 Traceable Manometer, ± 30 PSI, Traceable Products, Webster, TX). A calibration curve was 

created using reagent grade CaCO3 and inorganic carbon was calculated as CaCO3 equivalent. 
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Soil electrical conductivity data that was measured in Appendix B of this dissertation was used 

for a correlation analysis with WSA because WSA are sensitive to soil salinity (Abu-Sharar et 

al., 1987). 

 

2.3 Statistical analysis 

All statistical analyses were performed using JMP (JMP 142, SAS Institute, Cary, NC). One 

replicate of each treatment was lost in the second year due to the construction of a building over 

the plots and therefore, values from both years were analyzed separately. Effects of treatments 

were considered statistically significant at an alpha level of 0.05 and marginally significant at 

0.10. Means separation of statistically significant effects were calculated using Tukey HSD while 

marginally significant effects were analyzed using Student’s t-test. 

 

Effects of treatments on WSA and total, organic, and inorganic carbon were analyzed using a 

repeated measures mixed model. Row and plot numbers were included as random effects. 

Outliers in WSA, organic carbon, and total carbon data were considered and removed if they 

exceeded 3 times the interquartile range. Values for WSA were square-root transformed in the 

second year to improve normality of residuals.  
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3. Results 

3.1 Soil carbon  

In both years, soil amendments had statistically significant effects on total soil carbon (TC) and 

organic carbon (OC; Table 3). Both biochar amendments increased TC and OC compared to 

compost alone (Table 2). In addition, TC and OC was statistically greater immediately after the 

first harvest compared to during the fallow season (Table 2; Table 3).  

 

Regarding inorganic carbon, there was a marginally significant interactive effect of irrigation 

treatment and date on soil inorganic in the first year (IC; Table 3). The LI treatment had the 

lowest IC content of all treatments immediately after harvest, but statistically greater IC content 

during the fallow period. In the second year, only the effect of date had a marginally significant 

effect on IC; soil had greater IC early in the season (January 2021) compared to immediately 

after the second harvest (June 2021).  

 

3.2 Water-stable aggregates 

While biochar amendments did not have an effects on WSA, measurement date had a statistically 

significant effect in both years (Table 2). In the first year, the percent of WSA was greater three 

months into the fallow season compared to those measured at the time of harvest for all 

treatments (Fig. 3). In the second year, the percent of WSA first decreased after planting in 

January, but then increased once all irrigations were complete in May 2021. The interactive 

effect of irrigation treatment and date were also marginally significant in the second year (Table 

2; Fig. 1). In April 2021, the LI treatment had the lowest amount of WSA of all irrigation 
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treatments. At this time, the LI treatment had recently received one irrigation while the HI and 

MI treatment received three and two irrigations (Table S1 in other paper). Then, after harvest in 

June 2021, effect of irrigation treatments became more distinct. From April 2021 to June 2021, 

WSA increased by 2.6x in the LI treatment to 8.55 ± 1.7%, by 4.9x in the MI treatment to 19.1 ± 

2.3%, and by 3x in the HI treatment to 13.11 ± 2.0%.  

 

3.3 Soil electrical conductivity 

Furthermore, correlation between WSA and electrical conductivity that was measured in 

Appendix B was marginally significant in the first year (r = 0.287; p = 0.090) but not in the 

second (r = -0.323; p = 0.100). 

 

4. Discussion 

Considering that that the arid irrigated croplands of the southwestern United States cover over 

52,000 acres of land, furthering our understanding of management effects (i.e. irrigation and 

carbon inputs) on soil structure in this region can lead to greater water, nutrient, and carbon 

storage. Despite recent studies about biochar effects on soil aggregate stability, there is 

contrasting evidence about whether or not biochar can increase water-stable soil 

macroaggregates (0.25 mm – 2 mm). Therefore, our study examined effects of biochar inputs on 

aggregate formation and water-stability in a sandy loam soil of an irrigated desert cropland.  
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A combination of biotic and abiotic mechanisms likely explain why biochar inputs did not have 

an effect on macroaggregate formation. First, all soil amendment treatments, including the 

control treatment, contained equal amounts of compost. If adding biochar did not provide extra 

labile carbon beyond the amount provided by compost, it is possible that all treatments contained 

equal amounts of labile carbon and possibly similar levels of biological activity that would 

contribute an equal amount of binding agents for aggregate formation. In addition, compost itself 

can provide hydrophobic organic compounds that abiotically contribute to aggregate stability 

(Piccolo and Mbagwu, 1999; Spaccini et al., 2002). Second, because the soil texture is 

predominantly sand with only a small portion of clay, it is possible that there was a lack of 

biochar-soil mineral interactions. Lastly, the effect of salinity that was measured in Appendix B 

was not strongly correlated with the number of water-stable aggregates, so salinity effects likely 

did not have a significant contribution to aggregate stability. 

 

Our evidence suggests that irrigation frequency played a major role in soil aggregate formation. 

Specifically, in the second year, the germ irrigation events likely led to aggregate disruption. 

However, after irrigation events ended and soil dried for 12+ days, all treatments contained more 

water-stable macroaggregates than earlier in the growing season. Denef et al. (2001) presented a 

similar trend in which initial wet-dry cycles disrupted large (> 2000 μm) and small (250 – 2000 

μm) macroaggregates, however only large macroaggregates reformed and resisted further 

disruption from wet-dry cycles. Temperature may also play a role in increasing the number of 

water-stable aggregates. Increased temperatures  This is likely because inorganic carbon cements 

soil particles together as water evaporates. Overall, in our study, soil drying increases water-

stable aggregate formation compared to soil wetting. 
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Even though soils had greater amounts of water-stable macroaggregates during dry period, we 

found it interesting that soil in the low-irrigation frequency treatment did not have the greatest 

amount of water-stable aggregates when measured during the driest time periods (September 

2020 and June 2021). The accumulation of salts, including sodium, may explain why the low-

irrigation frequency treatment had the lowest number of water-stable aggregates at the end of the 

experiment. However, this mechanism is not supported by results from the other two irrigation 

treatments. There is likely a biotic mechanism contributing to aggregate formation during soil 

drying when irrigation was more frequent beforehand, especially considering that wetting events 

prompt organic matter mineralization and microbial activity. However, high frequency irrigation 

likely caused more soil disruption and possible leaching of exchangeable cations necessary for 

aggregate formation compared to the medium-frequency irrigation treatment, causing less water-

stable aggregates during the driest time periods. Therefore, irrigations may destroy water-stable 

aggregates, but the number of irrigation events can later determine the amount of water-stable 

aggregates that form during the fallow season.  

 

Although wetting events prompt soil organic matter mineralization (Birch, 1958), we did not 

detect a greater amount of soil organic carbon lost in treatments receiving more frequent 

irrigation. This may be due to increased root mass in treatments that received more frequent 

irrigation balancing out the amount of organic carbon that was mineralized. 
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In conclusion, our study presents an example for when organic matter amendments contain 

characteristics that may improve soil aggregate formation, but do not actually have an effect 

when studied at field-scale. Furthermore, irrigation frequency has lasting effects on water-stable 

aggregates even when soils are dry. The information we provided can be used for land managers 

that are planning fallow periods in their lands. In addition, this information can be used for 

ecological restoration projects as increasing water-stable aggregates will retain more water, 

nutrients, and carbon while reducing erosion and surface sealing.  
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Table C.1 Soil carbon content over time 

  Total Carbon (% TC) 
Irrigation Soil 

Amendment 
June 
2020 

September 
2020 
(Fallow) 

January 
2021 

June 
2021 

High 
Frequency 

Control 2.09 1.78 1.92 1.92 

 (0.06) (0.03) (0.04) (0.03) 
 BC+C 2.96 2.70 2.63 2.89 
  (0.12) (0.09) (0.13) (0.20) 
 COMBI 2.98 2.62 2.92 3.23 
  (0.07) (0.23) (0.26) (0.09) 
Medium 
Frequency 

Control 1.93 1.70 1.80 1.79 

 (0.05) (0.03) (0.05) (0.06) 
 BC+C 3.35 2.87 3.11 2.74 
  (0.15) (0.22) (0.09) (0.20) 
 COMBI 3.41 2.88 2.48 2.45 
  (0.39) (0.21) (0.42) (0.09) 
Low 
Frequency 

Control 1.89 1.98 2.20 1.91 
 (0.08) (0.26) (0.36) (0.16) 

 BC+C 3.58 2.71 2.62 2.96 
  (0.01) (0.37) (0.16) (0.20) 
 COMBI 2.90 3.04 2.45 2.62 
  (0.01) (0.17) (0.24) (0.09) 

  Organic Carbon (% OC) 
  June 

2020 
September 
2020 
(Fallow) 

January 
2021 

June 
2021 

High 
Frequency 

Control 1.44 1.14 1.26 1.27 
 (0.05) (0.05) (0.05) (0.02) 

 BC+C 2.33 2.05 1.96 0.22 
  (0.08) (0.09) (0.01) (0.14) 
 COMBI 2.35 1.98 2.29 0.26 
  (0.12) (0.23) (0.27) (0.29) 
Medium 
Frequency 

Control 1.30 1.06 1.16 1.16 
 (0.05) (0.04) (0.03) (0.05) 

 BC+C 2.72 2.23 2.47 2.09 
  (0.16) (0.23) (0.09) (0.22) 
 COMBI 2.79 2.26 1.84 1.81 
  (0.40) (0.21) (0.43) (0.09) 
Low 
Frequency 

Control 1.26 1.34 1.54 1.28 
 (0.08) (0.28) (0.35) (0.15) 

 BC+C 2.33 2.06 1.97 2.33 
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  (0.09) (0.37) (0.15) (0.45) 
 COMBI 2.96 2.42 1.79 1.97 
  (0.33) (0.15) (0.26) (0.09) 

  Inorganic Carbon (% IC) 
  June 

2020 
September 
2020 
(Fallow) 

January 
2021 

June 
2021 

High 
Frequency 

Control 0.64 0.65 0.66 0.65 
 (0.00) (0.03) (0.03) (0.02) 

 BC+C 0.63 0.65 0.67 0.65 
  (0.00) (0.01) (0.02) (0.01) 
 COMBI 0.63 0.63 0.63 0.62 
  (0.01) (0.02) (0.00) (0.01) 

Medium 
Frequency 

Control 0.62 0.63 0.64 0.63 
 (0.00) (0.02) (0.02) (0.01) 

 BC+C 0.63 0.63 0.64 0.65 
  (0.01) (0.02) (0.03) (0.01) 
 COMBI 0.62 0.62 0.63 0.63 
  (0.01) (0.01) (0.01) (0.00) 

Low 
Frequency 

Control 0.63 0.65 0.65 0.63 
 (0.00) (0.03) (0.00) (0.02) 

 BC+C 0.58 0.65 0.66 0.63 
  (0.04) (0.02) (0.01) (0.01) 

 COMBI 0.62 0.62 0.65 0.65 
  (0.01) (0.03) (0.00) (0.00) 
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Table C.2 p values for response variables. Statistically significant effects are in bold and marginally significant effects have an 

asterisk (*). 

 
 

 

  
Amendment 

 
Irrigation 

 
Date 

Amendment 
x Irrigation 

Irrigation x 
Date 

Amendment x 
Date 

Amendment 
x Date x 
Irrigation 

Variable Year F stat P 
Value 

F stat P 
Value 

F stat P Value F stat P 
Value 

F stat P 
Value 

F stat P 
Value 

F stat P 
Value 

%WSA 1 0.550 0.587 1.164 0.355 25.730 <0.001 2.098 0.123 1.380 0.269 0.504 0.610 1.821 0.154 
 2 0.447 0.650 2.139 0.201 22.436 <0.001 0.402 0.803 1.837 0.084* 1.407 0.209 1.164 0.318 

TC 1 48.106 <0.001 1.081 0.354 15.717 <0.001 1.455 0.244 0.526 0.597 1.465 0.249 0.424 0.790 
 2 23.233 <0.001 1.018 0.416 0.120 0.734 1.828 0.196 1.064 0.370 0.475 0.631 0.750 0.573 

OC 1 46.753 <0.001 1.170 0.326 17.594 <0.001 1.306 0.294 0.422 0.660 1.466 0.249 0.407 0.802 
 2 22.824 <0.001 0.969 0.433 0.211 0.653 1.917 0.179 1.073 0.367 0.439 0.653 0.741 0.579 

IC 1 1.139 0.342 0.262 0.776 3.254 0.0824* 0.504 0.734 0.854 0.437 1.312 0.286 0.787 0.544 
 2 0.671 0.530 0.186 0.835 3.284 0.087* 1.341 0.311 0.614 0.552 0.147 0.865 0.207 0.931 
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Figure C.1 Soil water-stable macroaggregates (0.25 mm – 2.00 mm; WSA) shown for each 

irrigation treatment with corresponding irrigation event dates and precipitation. Error bars show 

one standard error from the mean.
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Figure C.1 
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APPENDIX D: SUPPLEMENTARY DATA TO APPENDIX A 
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Table S A.1. Average gas flux values. Data are presented as “mean (standard error)”. Different 

letters indicate significant differences in NH3 and N2O fluxes between measurement days 

determined by Tukey HDS post-hoc test. 

Days After Fertilizer Biochar Application Rate (% wt.) 

μg NH3-N kg soil-1 h-1 0% (control) 1% 2% 4% 6% 8% 
0 a 61.18 31.24 9.06 27.71 17.69 -3.03 
 (0.76) (12.38) (12.07) (7.39) (13.23) (14.09) 

1 a -2.40 -2.48 8.64 8.78 6.09 12.25 
 (10.92) (4.44) (17.67) (6.08) (13.21) (2.38) 

2 b,c 3.56 -2.98 -5.05 3.39 2.47 8.54 
 (3.56) (3.28) (10.54) (6.18) (5.16) (2.96) 

3 b,c -4.12 1.23 -0.39 5.39 3.02 10.87 
 (2.72) (0.97) (4.29) (5.24) (3.88) (4.58) 

4 b,c 0.85 8.71 13.58 -0.53 1.95 7.88 
 (0.85) (15.48) (14.64) (2.02) (2.86) (4.77) 

7 c 2.69 3.47 -0.47 -0.96 0.74 2.44 
  (3.71) (4.20) (0.41) (0.37) (0.26) (0.56) 

9 c -0.37 -0.27 -0.08 -0.52 -0.03 2.15 
 (0.55) (0.17) (0.10) (0.16) (0.25) (2.26) 

15 c -0.68 0.12 -0.12 2.84 -0.65 4.02 
 (0.89) (0.16) (0.53) (2.46) (0.18) (6.98) 
       

μg N2O-N kg soil-1 h-1       
0 a 0.17 0.17 0.34 0.25 0.28 0.25 
 (1.40) (0.07) (0.22) (0.18) (0.15) (0.10) 

1 a 0.26 0.56 0.53 0.25 0.14 -0.08 
 (0.33) (0.21) (0.16) (0.12) (0.10) (0.01) 

2 a 0.95 1.06 1.92 0.11 -0.38 -0.88 
 (0.24) (0.24) (0.29) (0.29) (0.03) (0.58) 

3 a 1.88 2.43 2.38 -0.19 -0.63 -0.93 
 (1.14) (0.00) (0.51) (0.56) (0.17) (0.40) 
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4 a -1.98 0.14 0.95 0.47 -1.29 -0.80 
 (0.00) (0.01) (0.95) (0.49) (0.59) (0.42) 

7 a 0.44 0.26 0.01 0.30 0.05 0.29 
  (0.18) (0.20) (0.06) (0.28) (0.08) (0.18) 

9 a 0.11 0.08 0.04 0.31 2.38 0.25 
 (0.07) (016) (0.12) (0.07) (0.16) (0.11) 

15 a -1.86 0.05 1.98 0.80 0.08 0.36 
 (0.00) (0.25) (0.74) (0.67) (0.17) (0.48) 
       

μg NO-N kg soil-1 h-1       
0 -0.15 -7.63 -11.89 -9.12 -14.87 -4.50 
 (12.07) (5.60) (8.80) (7.30) (2.85) (11.28) 

1 -2.38 -4.96 -3.53 -3.29 -3.89 4.94 
 (14.89) (2.97) (0.36) (4.21) (2.99) (1.46) 

2 3.56 -2.98 -5.05 3.40 2.47 8.54 
 (3.56) (3.28) (10.55) (6.18) (5.16) (2.96) 

3 -9.79 0.03 -1.70 6.35 3.66 3.70 
 (9.17) (0.76) (5.76) (6.74) (4.53) (0.86) 

4 -15.28 -15.07 0.54 -2.77 -16.62 -2.58 
 (1.16) (5.14) (8.40) (3.01) (6.45) (3.71) 

7 7.15 -2.96 5.08 4.38 3.24 3.01 
 (8.56) (6.05) (6.33) (2.58) (2.97) (4.62) 

9 -12.55 -10.13 -2.80 -9.31 -17.29 -7.54 
 (5.49) (10.72) (10.43) (8.85) (11.72) (2.33) 

15 -34.11 -33.89 14.91 -21.78 - 3.47 
 - (21.13) (4.91) (15.40) - (20.48) 
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Table S A.2. Average leached NO3
- and PO4

3- values. Data are presented as “mean (standard 

error)” (n =4). Different letters indicate significant differences between leach days. 

Leaching Date Biochar Application Rate (% wt.) 

mg NO3--N kg soil-1 0% (control) 1% 2% 4% 6% 8% 
March 13 a 0.14 0.36 0.28 0.29 0.33 0.19 
 (0.02) (0.09) (0.05) (0.07) (0.02) (0.03) 
March 27 a 0.26 0.21 0.14 0.15 0.20 0.15 
 (0.08) (0.07) (0.03) (0.07) (0.05) (0.01) 
August 13 a 0.33 0.05 0.31 0.18 0.69 0.20 
 (0.15) (0.03) (0.15) (0.05) (0.40) (0.12) 
August 14 b 0.73 1.25 0.46 0.87 0.97 0.67 
 (0.17) (0.20) (0.09) (0.30) (0.03) (0.28) 
August 19 b 1.18 0.92 0.68 0.47 0.70 1.04 
 (0.30) (0.19) (0.27) (0.08) (0.09) (0.30) 

August 20 a 0.23 0.35 0.24 0.18 0.19 0.41 
 (0.04) (0.11) (0.07) (0.04) (0.04) (0.12) 
       
mg PO43--P kg soil-1        
March 13 d 0.08 0.07 0.11 0.06 0.03 0.04 
 (0.01) (0.01) (0.04) (0.01) (0.01) (0.00) 

March 27 e 0.3 0.04 0.04 0.03 0.02 0.03 
 (0.00) (0.01) (0.01) (0.01) (0.00) (0.01) 

August 13 b,c 0.23 0.36 0.51 0.21 0.11 0.14 
 (0.06) (0.06) (0.19) (0.02) (0.04) (0.03) 

August 14 a,b 0.27 0.52 0.43 0.41 0.15 0.14 
 (0.07) (0.12) (0.20) (0.08) (0.05) (0.07) 

August 19 a 0.56 0.60 0.74 0.41 0.21 0.26 
 (0.16) (0.06) (0.21) (0.10) (0.05) (0.06) 

August 20 c 0.17 0.22 0.25 0.15 0.11 0.09 
  (0.04) (0.03) (0.13) (0.03) (0.02) (0.02) 
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Table S B.1. Irrigation information 

Treatment Year 1  Year 2 

 Date Days After 
Planting 

Irrigation 
Applied (mm) 

 Date Day After 
Planting 

Irrigation 
Applied (mm) 

High Frequency 1/16/2020 1 Germ* 1  1/5/2021 1 Germ 1 
 1/28/2020 13 Germ 2  1/15/2021 10 Germ 2 
 2/25/2020 41 63.5  2/22/2021 48 78.7 
 3/25/2020 70 61.0  3/21/2021 75 88.9 
 4/7/2020 83 71.1  3/31/2021 85 106.7 
 4/16/2020 92 68.6  4/9/2021 94 78.7 
 4/23/2020 99 71.1  4/17/2021 102 91.4 
 4/29/2020 105 76.2     
 5/5/20 111 76.2     
 Total  487.7    444.5 

Medium 
Frequency 

1/16/2020 1 Germ 1  1/5/2021 1 Germ 1 
1/28/2020 13 Germ 2  1/15/2021 10 Germ 2 

 3/6/2020 51 63.5  3/21/2021 75 88.9 
 4/3/2020 79 61.0  4/9/2021 94 78.7 
 4/16/2020 92 68.6  4/21/2021 106 101.6 
 4/27/2020 103 71.1     
 5/5/2020 111 76.2     
 Total  340.4    269.2 

Low Frequency 1/16/2020 1 Germ 1  1/5/2021 1 Germ 1 
 1/28/2020 13 Germ 2  1/15/2021 10 Germ 2 
 3/25/2020 70 61.0  3/31/2020 85 106.7 
 4/16/2020 92 68.6     
 4/29/2020 105 76.2     
 Total  205.7    106.7 

* Germ refers to flood irrigation covering all plots prior to berm installation 
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Table S B.2. Irrigation water properties 

Property Irrigation Water 

Nitrate (mg NO3
- L-1) 3.73 

Ammonium (mg NH4
+ L-1) 0.20 

* Data from City of Tucson Water report. 
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Table S B.3. Mean soil available nutrient values. Data are presented as “mean (standard error)”; n = 4 in Year 1 and n = 3 in Year 2.  

 Phosphate-P Nitrate-N Ammonium-N 
 ug PO43--P cm-2 resin ug NO3--N cm-2 resin ug NH4+-N cm-2 resin 
Dates            Irrigation Control BC+C COMBI Control BC+C COMBI Control BC+C COMBI 

Nov 26, 2019 -  HI 0.196 0.108 0.171 0.291 0.284 0.531 0.008 0.006 0.010 
Dec 12, 2019  (0.037) (0.020) (0.025) (0.112) (0.099) (0.149) (0.001) (0.001) (0.006) 
 MI 0.291 0.143 0.136 0.170 0.262 0.346 0.011 0.008 0.009 
  (0.022) (0.008) (0.017) (0.046) (0.140) (0.114) (0.002) (0.001) (0.006) 
 LI 0.208 0.095 0.186 0.285 0.111 0.370 0.008 0.003 0.006 
  (0.054) (0.016) (0.021) (0.119) (0.048) (0.062) (0.002) (0.001) (0.003) 

Dec 13, 2019 -  HI 0.052 0.044 0.061 0.518 0.325 0.588 0.028 0.026 0.038 
Dec 22, 2019  (0.013) (0.002) (0.005) (0.279) (0.048) (0.137) (0.005) (0.004) (0.018) 
 MI 0.049 0.039 0.058 0.240 0.209 0.347 0.032 0.018 0.031 
  (0.010) (0.002) (0.002) (0.065) (0.039) (0.088) (0.001) (0.006) (0.022) 
 LI 0.039 0.046 0.053 0.297 0.187 0.862 0.030 0.012 0.022 
  (0.002) (0.003) (0.006) (0.081) (0.041) (0.457) (0.006) (0.004) (0.010) 

Dec 23, 2019 - HI 0.250 0.169 0.206 0.709 0.322 0.619 0.003 0.006 0.000 
Jan 7, 2020  (0.027) (0.057) (0.069) (0.309) (0.119) (0.093) (0.001) (0.005) (0.000) 
 MI 0.304 0.188 0.164 0.163 0.248 0.580 0.001 (0.000) (0.000) 
  (0.063) (0.049) (0.034) (0.045) (0.043) (0.106) (0.000) (0.000) (0.000) 
 LI 0.281 0.103 0.206 0.346 0.194 0.877 0.000 0.000 0.000 
  (0.031) (0.026) (0.069) (0.067) (0.071) (0.287) (0.000) (0.000) (0.000) 

Feb 2, 2020 - HI 0.082 0.089 0.110 0.120 0.101 0.130 0.003 0.006 0.006 
Mar 3, 2020  (0.009) (0.025) (0.025) (0.042) (0.021) (0.014) (0.001) (0.001) (0.001) 
 MI 0.032 0.031 0.038 0.030 0.025 0.018 0.002 0.004 0.001 
  (0.002) (0.006) (0.003) (0.007) (0.003) (0.005) (0.001) (0.001) (0.001) 
 LI 0.041 0.031 0.036 0.026 0.013 0.085 0.006 0.005 0.006 
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  (0.006) (0.000) (0.003) (0.003) (0.003) (0.009) (0.002) (0.001) (0.001) 

Mar 4, 2020 - HI 0.083 0.105 0.082 0.174 0.172 0.177 0.004 0.003 0.003 
June 10, 2020  (0.012) (0.009) (0.011) (0.036) (0.027) (0.033) (0.001) (0.000) (0.001) 
 MI 0.078 0.079 0.094 0.273 0.254 0.309 0.018 0.002 0.004 
  (0.008) (0.004) (0.006) (0.053) (0.029) (0.024) (0.003) (0.001) (0.003) 
 LI 0.088 0.059 0.091 0.194 0.191 0.319 0.004 0.002 0.003 
  (0.004) (0.008) (0.006) (0.022) (0.011) (0.053) (0.001) (0.000) (0.001) 

Jan 27, 2021 - HI 0.015 0.007 0.011 0.078 0.085 0.149 0.011 0.005 0.004 
Feb 11, 2021  (0.002) (0.003) (0.003) (0.016) (0.023) (0.044) (0.007) (0.002) (0.001) 
 MI 0.006 0.008 0.008 0.162 0.071 0.089 0.007 0.006 0.003 
  (0.001) (0.002) (0.002) (0.031) (0.021) (0.014) (0.003) (0.004) (0.000) 
 LI 0.011 0.011 0.004 0.265 0.303 0.054 0.012 0.007 0.004 
  (0.003) (0.004) (0.001) (0.202) (0.235) (0.005) (0.005) (0.005) (0.001) 

Feb 12, 2021 - HI 0.113 0.186 0.178 0.572 0.597 0.516 0.075 0.066 0.067 
Mar 3, 2021  (0.017) (0.019) (0.023) (0.018) (0.096) (0.045) (0.007) (0.009) (0.004) 
 MI 0.011 0.010 0.005 0.059 0.057 0.046 0.065 0.046 0.048 
  (0.002) (0.004) (0.002) (0.011) (0.014) (0.015) (0.005) (0.028) (0.045) 
 LI 0.014 0.008 0.022 0.026 0.035 0.056 0.012 0.010 0.018 
  (0.007) (0.001) (0.004) (0.002) (0.008) (0.016) (0.005) (0.001) (0.006) 

Mar 4, 2021 - HI 0.055 0.059 0.073 0.093 0.141 0.071 0.004 0.003 0.004 
June 4, 2021  (0.010) (0.010) (0.002) (0.017) (0.029) (0.030) (0.001) (0.001) (0.002) 
 MI 0.047 0.029 0.024 0.171 0.204 0.196 0.006 0.002 0.003 
  (0.024) (0.005) (0.019) (0.018) (0.010) (0.006) (0.002) (0.001) (0.002) 
 LI 0.040 0.037 0.044 0.138 0.094 0.124 0.002 0.001 0.001 
  (0.007) (0.009) (-) (0.022) (0.013) (0.007) (0.002) (0.001) (0.000) 
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Table S B.4. Bulk soil nutrient concentrations. Data are presented as “mean (standard error)”. (n = 4 in Year 1 and n = 3 in Year 2).  

 Irrigation Olsen P                   Nitrate-N Ammonium-N 

 mg PO43--P kg soil-1 mg NO3--N kg soil-1 mg NH4+-N kg soil-1 
 Control BC+C COMBI Control BC+C COMBI Control BC+C COMBI 
June 2020 HI 6.77 7.09 7.33       
  (0.27) (0.78) (1.06)       
 MI 5.41 7.08 6.60       
  (0.22) (0.88) (0.85)       
 LI 6.15 6.68 9.20       
  (0.66) (0.50) (0.80)       

September  HI 7.24 7. 12 6.73       
2020  (1.09) (0.25) (1.04)       
 MI 5.44 6.76 6.56       
  (0.90) (1.00) (0.84)       
 LI 6.14 5.97 8.45       
  (1.20) (0.58) (0.33)       

January  HI 4.9 4.91 4.60       
2021  (0.66) (1.84) (0.50)       
 MI 4.26 4.72 4.47       
  (0.65) (0.37) (0.38)       
 LI 5.02 4.03 6.95       
  (1.05) (0.48) (2.08)       

March  HI 9.10 5.78 4.80 2.06 2.33 2.48 7.21 5.65 5.72 

2021  (0.61) (1.42) (2.38) (0.98) (1.00) (0.81) (1.41) (0.45) (1.40) 
 MI 3.50 6.23 12.92 3.83 2.07 2.34 6.45 3.43 6.02 
  (1.94) (0.81) (2.26) (0.66) (0.56) (0.49) (1.75) (1.73) (0.90) 
 LI 8.62 3.98 5.60 2.91 1.86 3.23 4.72 8.23 4.75 
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  (5.00) (0.22) (1.91) (1.36) (0.92) (1.63) (0.80) (2.84) (0.12) 

April  HI 4.58 7.04 7.15 0.40 0.79 0.64 9.41 10.21 10.87 
2021  (0.78) (2.15) (0.85) (0.10) (0.06) (0.16) (0.50) (2.40) (0.58) 
 MI 6.08 6.64 6.41 2.90 2.23 1.71 6.64 8.53 5.52 
  (0.98) (0.59) (1.35) (1.08) (0.15) (0.60) (2.73) (0.48) (2.73) 
 LI 5.82 7.99 8.91 2.18 1.05 1.51 8.74 10.60 7.81 
  (0.84) (1.96) (1.05) (1.09) (0.21) (0.21) (1.06) (1.67) (1.08) 

May 2021 HI 6.47 4.24 5.77 0.72 0.51 0.63 8.08 9.41 8.23 
  (1.68) (0.50) (0.35) (0.45) (0.18) (0.06) (1.21) (1.14) (0.62) 
 MI 4.98 6.19 6. 08 0.67 1.04 1.65 9.28 7.28 8.85 
  (0.38) (0.74) (0.64) (0.10) (0.36) (0.29) (1.13) (1.00) (1.15) 
 LI 5.72 5.61 6.03 1.70 2.88 1.01 7.11 8.85 6.35 
  (1.70) (1.05) (0.97) (0.74) (1.32) (0.27) (0.73) (1.85) (0.83) 

June 2021 HI 8.09 5.29 5.89 0.36 0.38 0.56 3.51 2.81 2.70 
  (1.18) (1.66) (0.66) (0.03) (0.03) (0.18) (0.85) (0.41) (0.49) 
 MI 5.21 5.40 6.97 0.83 1.31 1.62 1.94 2.41 2.73 
  (0.84) (0.54) (0.13) (0.30) (0.43) (0.45) (0.21) (0.48) (0.28) 
 LI 6.38 5.76 8.88 1.29 2.20 1.62 5.22 2.91 3.50 
  (1.68) (0.83) (1.41) (0.52) (0.78) (0.74) (3.00) (0.550 (0.76) 
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Table S B.5. p-values for two-way repeated measures ANOVA for soil extractable nutrient 

concentrations.  

Variable Olsen P Nitrate-N Ammonium-N 
 Year 1 Year 2 Year 2 Year 2 
 F-value Sig. F-value Sig. F-value Sig. F-value Sig. 
Soil 3.502 0.052* 4.026 0.045 0.056 0.946 0.866 0.446 
Irrigation 1.039 0.393 0.106 0.901 3.752 0.091* 0.851 0.473 
Date 0.491 0.490 4.380 0.003 11.901 <0.001 37.801 <0.001 
Soil*Irrigation 2.276 0.101 3.239 0.050 0.210 0.928 1.295 0.326 
Soil*Date 0.389 0.682 0.987 0.454 0.962 0.460 0.572 0.751 
Irrigation*Date 0.212 0.811 0.623 0.755 1.25 0.296 1.515 0.191 
Soil*Irrigation*Date 0.101 0.981 2.378 0.007 1.085 0.392 1.067 0.405 

Statistically significant effects are shown in bold font and marginally significant effects are 

denoted by *. 
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Figure S B.1. Co-composted biochar and control compost windrow temperature, aeration, and 

irrigation data 
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Figure S B.1. 
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APPENDIX F: SUPPLEMENTARY DATA TO APPENDIX C 
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Table S C.1. Water-stable macroaggregate (0.25 mm – 2.00 mm) values and mean air 

temperature on corresponding sampling dates. Standard error are presented in parenthesis. Mean 

air temperature values were retrieved from AZMET data. 

 
 
Irrigation 

 
Soil 
Amendment 

WSA (%) 
June 
2020 

September 
2020 

(Fallow) 

January 
2021 

March 
2021 

April 
2021 

May 
2021 

June 
2021 

High 
Frequency 

Control 6.36 17.05 6.21 4.14 3.90 8.97 14.28 

 (1.56) (4.10) (2.57) (0.46) (1.83) (0.81) (5.59) 

 BC+C 4.35 25.33 5.27 4.63 2.51 20.44 12.28 
  (0.99) (4.87) (2.73) (0.99) (0.22) (4.12) (3.48) 

 COMBI 9.79 13.97 9.14 3.81 3.44 16.10 12.78 
  (3.20) (5.01) (2.95) (0.92) (0.64) (9.41) (2.18) 

Medium 
Frequency 

Control 11.39 26.94 13.05 4.53 3.43 13.73 23.40 
 (2.96) (8.54) (5.34) (1.32) (0.17) (9.32) (4.22) 

 BC+C 8.44 18.18 4.92 4.95 3.07 9.47 17.57 
  (2.93) (7.26) (2.73) (0.87) (0.53) (3.60) (4.84) 

 COMBI 8.97 24.06 6.37 4.06 3.22 16.59 16.33 
  (4.32) (6.94) (1.92) (0.39) (0.72) (9.65) (3.17) 

Low 
Frequency 

Control 7.92 6.25 12.00 4.48 1.75 7.12 8.26 
 (1.22) (1.63) (3.63) (1.14) (0.22) (0.91) (0.92) 

 BC+C 13.71 21.18 10.91 5.62 2.42 9.33 4.70 
  (4.15) (8.32) (5.76) (3.38) (0.48) (2.78) (0.68) 

 COMBI 4.53 15.82 3.33 7.66 2.86 6.06 12.70 
  (0.96) (3.95) (2.75) (2.72) (0.35) (0.94) (4.15) 

Mean Air Temperature 
(°C) 

27.9 28.2 13.3 16.0 22.3 21.7 28.6 
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