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Biosolids and food scraps are highly prevalent in urban waste streams and can be stabilized for 

beneficial use as soil amendments. The impact of these amendments on soil health and crop 

response was tested for two urban soils. One soil was collected from the Tacoma Wastewater 

Treatment plant and was likely a remnant from plant construction. The second soil, a sandy 

loam, was classified as part of the Woodinville series (Fine-silty, mixed, super active, nonacid, 

mesic Aeric Fluvaquents) and collected from a farm located at the King County South treatment 

plant. Kale (Brassica oleracea ‘Winterbor’) and Swiss chard (Beta vulgaris ‘Fordhook Giant’) 

were grown in succession in a replicated pot trial. Pots were amended with high rates (220 mg 

ha-1) of two food scrap-based amendments; bokashi and vermicompost, and two biosolids-

based materials; a potting soil (Tagro), and a sawdust/biosolids compost (GroCo). A soil-only 

control and an inorganic N-P-K (24-25-4) fertilizer control (224 kg N ha-1) were included. Soils 

were analyzed for total C and total N, pH, electrical conductivity (EC), mineralizable (min C), 

oxidizable carbon (POXC), and Mehlich-III (M-III) extractable nutrients. Plant response was 
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measured via yield and foliar mineral concentrations (Ca, K, Mg, P, Cu, Fe, Mn, and Zn). Across 

both soils, organic amendments increased total C and total N, and reduced bulk density in 

comparison to both controls. In general, amendments increased soil available (M-III 

extractable) K, Mg, and S, and decreased Cu. Changes to soil C:N, pH, and M-III nutrients were 

mostly consistent with amendment characteristics. Measures of active C demonstrated positive 

changes to soil biological indicators but were not predictive of differences in plant yield.  

In the kale and chard, soil and amendment were highly significant factors for plant yield. Of the 

amendments tested, the Tagro and vermicompost resulted in dramatic improvements in plant 

yield and measured soil properties. Differences in yield as a result of amendment addition were 

more pronounced in the Tacoma soil and significantly higher than both controls. GroCo had 

positive effects on yield in both soils but was similar to the fertilized control in the Renton soil. 

The only case where bokashi germinated was for chard in the Renton soil. However, after 

successful germination, the yield was significantly higher than both controls and had the 

second-highest yield after vermicompost. This suggests further research should investigate the 

use of bokashi.  

Crops grown in the Tacoma soil had select foliar concentrations (P, S, Cu, Mn, and Zn) that were 

higher than in the Renton soil. Amendment impacts on yield in this soil would improve 

nutrients provided for an urban gardener relative to crops grown in amended soils in the 

initially higher-yielding soil (Renton). Overall, vermicompost, GroCo, and Tagro had similar or 

increased foliar macronutrients relative to the fertilized controls. Vermicompost had 

particularly large increases in crop K concentrations. Biosolids-based amendments had notably 

large increases in crop foliar concentrations of Mn and Zn in the chard. The results from this 

study suggest that food scrap-based residuals have the potential to improve urban soils and 

increase yields for urban agriculture.  
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Chapter 1. Literature Review 

Soil health considers physical, chemical, and biological aspects of soils (Bünemann et al., 2018; 

Stewart et al., 2018) and focuses on soils as functioning ecosystems. The concept of soil quality 

stems from the observations that dynamic and inherent soil properties influence the health of 

animals and humans via the quality of crops (Warkentin, 1995). Soil fertility has been 

recognized for more than a century (McCarrison, 1921) as a key source of essential and 

beneficial elements for plant and human health (Steffan et al., 2018). The impact of different 

agricultural practices on soil health has yet to be fully quantified and there remain gaps in the 

understanding of soil health indicators as predictors of plant response and nutritional quality 

across soil types (Bünemann et al., 2018).   

The use of soil organic amendments (OAs) to improve soil health is not a new concept. The use 

of residual-derived OAs in agriculture has been extensively researched. Beneficial impacts 

following the use of OAs have been observed across well-defined sets of physical, chemical, and 

biological properties used as soil health indicators (Brown et al., 2011; Chen et al., 2018; 

Diacono & Montemurro, 2010; Ozores-Hampton et al., 2011). However, amendments are highly 

variable depending on feedstock and processing methods, and their effect on soil health 

depends on local environmental and soil factors. These materials include a range of organic 

wastes from food production and consumption. Examples include municipal biosolids, which 

are the solid residuals from wastewater treatment, and processed food scraps. There is a range 

of methods to stabilize food scraps so that they can be used as soil amendments. These include 

composting (Brewer & Sullivan, 2003), vermicomposting (Nurhidayati et al., 2018; Singh et al., 

2011), and bokashi, a type of fermentation (Yamada & Xu, 2001). 

Organic amendments from urban waste streams can be inexpensive, accessible, and essential 

tools to improve urban soil quality (Cogger, 2005). Food waste-based composts and biosolids-

based products offer high fertilizer value (Kelley et al., 2020) compared to yard-waste compost 

(Barbarick & Ippolito, 2007; Cogger et al., 2016).  
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1.1 Soil Response to Organic Amendments 

Soil health is defined as “the capacity of a soil to function within an ecosystem and land-use 

boundaries, to sustain productivity, maintain environmental quality, and promote plant and 

animal health” (Doran & Zeiss, 2000). For some, the term soil quality is often used 

interchangeably with soil health (Bünemann et al., 2018) and for others, soil health focuses on 

the soil’s continued capacity to maintain function and living systems (Pankhurst et al., 1997) 

while soil quality refers to a soil’s capacity to meet defined human needs such as the growth of 

a particular crop. 

There is a range of tools used to improve soil health. A considerable amount of research has 

demonstrated beneficial effects from OAs on soil properties in the long term (Diacono & 

Montemurro, 2010; Ozores-Hampton et al., 2011). Much of this work has focused on OAs 

created from urban residuals (Beniston & Lal, 2012; Beniston et al., 2016; Cogger, 2005; Larney 

& Angers, 2012; McIvor et al., 2012). 

Understanding the impacts of OAs and other practices on soil health and quality is often a 

combined effort, using tools to measure changes in the soil’s biological, chemical, and physical 

properties. The impact of OAs from urban residuals on each of these three soil properties as 

well as tools for measuring changes are described below.  

1.1.1 Biological 
Soil organic matter (SOM) is central to any soil health assessment and can be assessed by 

measuring total C and total N. SOM is crucial to soil function and soil quality for agriculture 

(Doran & Zeiss, 2000; Weil & Brady, 2017). In a review of organic cropping systems, OAs 

improved soil chemical and nutrient indices most notably soil organic C (SOC) and N, which 

were the most significant drivers of changes in soil properties (Norris and Congreves, 2008).  

Traditionally, extractions have been used to quantify the humic and fulvic acid fractions of total 

SOM. Total C depending on the type of soil can contain carbonates which are inorganic C, that 

need to be accounted for (and removed) to determine SOC levels (Nelson & Sommers, 1996). 

Soil science has moved away from chemical lab extractions for describing stable SOM as 

recalcitrant due to its form and rather an assessment of the soil environmental factors (Kleber 
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et al., 2007). More recently, SOM is considered dynamic and on a spectrum of decomposition. 

Scientists have moved towards methods of characterizing different components of SOM to 

determine its origins as plant-derived particulate organic matter (POM) or microbial necromass 

from minerally associated organic matter (MAOM) (Cotrufo et al., 2019; Lavallee et al., 2020). 

The depth within the soil profile and spatial availability (occluded, adsorbed, or freely accessible 

to microbes) are important for understanding SOM dynamics (Collins and McQuire, 2019). 

Some soil scientists consider that no measures of soil health are complete without an analysis 

of the active SOM fraction. Active pools of SOC are a fraction of overall SOM. Two methods that 

indicate active carbon are mineralizable carbon (min C) and permanganate oxidizable carbon 

(POXC), respectively (Hurisso et al., 2016). 

1.1.1.1 Soil organic carbon (SOC) 

Soil organic carbon (SOC) is a ubiquitous soil quality indicator. Increasing SOC is the primary 

method to enhance soil function and net primary productivity (Doran & Smith, 2015; Doran & 

Zeiss, 2000). Small changes in SOC can result in changes to soil physical, biological, and chemical 

properties, especially those relevant to ecosystem functioning and crop growth (Powlson et al., 

2011). SOC and soil organic matter (SOM) although referred to interchangeably are not 

equivalent terms (require a conversion factor of approximately 2) (Pribyl, 2010).  

Within SOM pools of carbon are divided by the length of C turnover in the soil. Active carbon 

can be comprised of easily decomposable simple sugars, organic acids, and microbial products, 

whereas slow carbon pools are typically comprised of plant residues or physically stable C 

compounds. The slow carbon pool is approximately 40-50% of SOC and can take years to 

turnover. Soil texture is highly influential on SOM dynamics (Grandy et al., 2009), and needs to 

be considered when investigating the effects of management on SOC.  

Studies have shown both long- and short-term increases in SOC following the use of organic 

amendments (Francioli et al., 2016; Nicholson et al., 2018; Ozores-Hampton et al., 2011; Wuest 

& Gollany, 2013). Higher increases in SOC have been reported from OA application to degraded 

soils, high rates of OA addition, or soils with low initial SOM (Beniston et al., 2016; Evanylo et 

al., 2008; Sullivan et al., 2003). Long-term (>10 years) application of biosolids and compost to 

sandy soil significantly (p<0.01) increased SOM by almost 3x’s compared to non-amended 
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controls (Ozores-Hampton et al., 2011) which were similar to the rate of increase found in 

another study (Sullivan et al., 2003). High increases of SOC (6% by mass) have been 

documented from compost treated soil compared to unamended controls, but this may have 

been due to the initially degraded nature of the soil and high application rates (Beniston et al., 

2016). In a degraded soil in grain-fallow plots, medium rates of biosolids (6.9 Mg ha-1) increased 

SOC from compared to anhydrous ammonia control from 1.69 to 9.4 g kg-1 (0-10 cm), 

respectively (Cogger et al., 2013). In a survey across multiple cropping systems in WA state by 

Brown (2011), SOC increased the most from compost and biosolids in soils with the lowest 

initial C (r2=0.37, p<0.001). Amendments increased SOC from 8 to 72 Mg ha-1 compared to the 

controls. An application rate of 50 Mg ha-1 would be expected to increase SOC from 7 to 33 Mg 

C ha-1 depending on the region and soil type (Brown et al., 2011). 

SOC increases from OAs depend on soil type, soil depth, and application rate (Brown et al., 

2011; Powlson et al., 2011). In a study of digested biosolids, the increases in SOC ranged from 

90 to 290 kg C ha-1 yr-1 t-1 (mean=180 ± 24), with the lower rate in soils that were low clay (8%) 

and the higher rate for soils that were high clay (23 or 30%). SOC increases seem to have 

diminishing returns and a maximum limit, which is dependent on soil type and other edaphic 

factors (Aksakal et al., 2016; Powlson et al., 2011). SOM increases from high rates of 

vermicompost (Aksakal et al., 2016) eventually reached a saturation point with additional 

applications having limited effect.  

In a long-term (19-year) study by Tautges et al., (2019) SOC increased at depth (2 m) from 

composted poultry manure (4 t ha-1) but not winter cover crop alone. Winter cover crop 

increased SOC by 3.5% (1.44 Mg C ha-1) in at the soil surface (0-30 cm) but decreased at depth 

(30-200 cm) by 10.8% (14.86 Mg C ha-1). Two studies have found that higher nutrient 

amendments including manure and alfalfa were highly effective at increasing SOC in 

comparison to high C plant residues (Wuest & Gollany, 2013; Wuest & Reardon, 2016). In a 

conventional wheat system, biosolids amendments increased persistent SOC compared to 

plant-based amendments after seven years from the last application when applied at similar C 

rates (1250 g C m-2 total over 5 years). C sequestration efficiencies from additions of biosolids, 

manure, and alfalfa were 49%, 21%, and 14% that of the unamended control, while plant-based 



 

5 
 

residues were lower (3-11%) (Wuest & Reardon, 2016). Biosolids were suggested to have the 

highest increase in SOC, as the amendment with the largest total N, P, and S (Wuest & Gollany, 

2013). A one-time application of food waste-based compost at a high rate (155 Mg ha-1) had 

significant positive effects on SOC measurements that lessened for the 7-year study (Sullivan et 

al., 2003). In a 12-year study, biosolid compost (175 kg N ha-1) increased SOC (14.3 g kg-1) 

compared to urban, green waste, and manure compost (Ros et al., 2006). In all of these studies, 

the highest increases to SOM are likely consistent with higher total C, total N, organic S, and P 

of the amendment (Kirkby et al., 2014). 

Studies have consistently shown that OAs can increase SOC relative to unamended or fertilized 

controls. A global review of the literature on long-term (>10 years) use of OAs by Chen et al., 

(2018) found that the SOC content of soils amended with OAs alone or with inorganic fertilizer 

increased by 49% and 29%, respectively compared to a mix of non-fertilized and inorganic 

fertilized controls. Specifically in urban systems, SOC increased by 10-15 g kg-1 from annual or 

biannual compost applications (Evanylo et al., 2008). Meanwhile, in a turfgrass system, SOC 

increased from 1.74 g kg-1 in the unamended control to 16.6-21.3 g kg-1 depending on the 

biosolid amendment type over 5 years, which was higher than the synthetic fertilizer treatment 

(13.7) (Badzmierowski et al., 2020). In an urban garden, soils amended with Tagro and GroCo ( 

200 Mg ha-1 dry) increased SOC values from 41.0 (soil only control) to 51.6 and 80.2 g kg-1, 

respectively (McIvor et al., 2012b). Vermicompost increased SOM (2.00%) compared to the soil 

only control (1.64%), vermicompost + mineral fertilizer (1.87%), and fertilizer alone (1.69%) 

(Masciandaro et al., 2000). 

An important note is that additional SOC storage occurs from OA application indirectly due to 

increased crop productivity. In Brown et al., (2011), farm soils applied with compost or biosolids 

had higher C in sampled soil than the total C applied from the amendments themselves, which 

was likely from improvements to plant growth. 

1.1.1.2 Total nitrogen 

Soil total N is an essential component of any soil health assessment. Total N includes inorganic 

and organic forms of soil N. Total N has important relevance to specific soil properties and 

correlates with biological processes that are highly affected by soil texture (Grandy et al., 2009). 
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Soil response to organic amendments depend on the type, rate, and soil characteristics 

(Kallenbach & Grandy, 2011) especially for the microbial portions of C and N. Total N can help 

provide an estimate of potentially mineralized N which is available for crops is highly variable 

based on amendment type (Gale et al., 2006). 

Increases in total N from OA application are consistent and well documented (Nicholson et al., 

2018; Norris & Congreves, 2018; Ros et al., 2006). In field studies, the increases in total N from 

compost and biosolids were above inorganic fertilized controls (Brown et al., 2011; Nicholson et 

al., 2018; Warman, 2005). In degraded urban soil, compost (175 Mg ha-1) applied in the short-

term (< 3 years) increased total N by 4x’s compared to unamended control (Beniston et al., 

2016). In a long-term (20-year) field study, biosolids increased soil total N (0.16-0.17%) 

compared to inorganic NPK fertilized controls (0.14%) (Nicholson et al., 2018). In sandy loam, 

five plots cropped with different vegetables had an average total N that was significantly higher 

(p<0.006) when treated with compost (manure, food waste, and grass clippings) than fertilizer 

(1.3 vs. 0.9 g kg-1, respectively) (Warman, 2005).  

While OAs consistently increase total N, the magnitude of the effect depends on OA type 

(Masciandaro et al., 2000; Ros et al., 2006). In a 12-year field study in silt loam soil, OA 

treatments (food waste, manure, urban waste, and biosolids composts) applied at 175 kg N ha-1  

increased total N compared to the fertilized and unamended control (1.40 and 1.48 g kg-1, 

respectively) to a range from 1.53 to 1.68 g kg-1. However, only the increase from urban waste 

compost (1.68 g kg-1) was significant (p<0.05) (Ros et al., 2006). A field study in sandy-clay soil 

found significant increases from mineral fertilizer alone and vermicompost with mineral 

fertilizer, relative to the unamended control but the effects were not significant for 

vermicompost alone (Masciandaro et al., 2000).  

1.1.1.3 Mineralizable carbon (min C) 

Mineralizable carbon (min C) represents 1-3% of the total SOC (Morrow et al., 2016) and 

reflects the ability of the soil to cycle nutrients via microbial activity. Min C correlates with soil 

microbial biomass, particulate organic matter, and nutrient mineralization (Franzluebbers et al., 

2000; Haney et al., 2001). Min C represents increases in microbially available carbon and is 

highly sensitive to management (Hurisso et al., 2016). Across a variety of cropping systems, OAs 
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have consistently shown increases in soil respiration relative to fertilized controls (Brown & 

Cotton, 2011; Sciubba et al., 2014). Soil respiration rate can also be measured via alkaline 

absorption (AA) which typically uses NaOH traps or gas analyzers, both of which can measure 

CO2 produced from lab incubations, but the latter is useful for field studies. 

In lab incubations, OAs consistently increase soil min C (Flavel & Murphy, 2006; Tognetti et al., 

2008) and are highly related to nitrogen mineralization (NMIN), SOC, and total N (p<0.03) 

(Franzluebbers, 2020; Haney et al., 2001). Min C also has been shown to increase along with the 

extractable P content of the amendment (Tognetti et al., 2008). In lab incubations, manure-

based composts have typically had higher positive effects on min C rates than MSW-based 

composts or mineral fertilizer (Flavel & Murphy, 2006; Tognetti et al., 2008). A lab study that 

used coarse soil with low initial respiration rates (< 2 mg CO2-C kg-1 day) OAs (poultry manure, 

two green waste composts, straw-based compost, and vermicompost) increased soil respiration 

rate. Over the 142-day incubation, the amount of C evolved from the amount of C added was 

highest for the manure, intermediate, or the plant-based composts, and lowest for the 

vermicompost (Flavel & Murphy, 2006). 

In field studies, OAs increase soil min C with differences associated with amendment type and 

site (Hurisso et al., 2016; Ros et al., 2006; Sprunger et al., 2019). Compared to OAs, inorganic 

fertilization has been shown to suppress soil min C (Ros et al., 2006; Sprunger et al., 2019). Min 

C increased over time (3 years) in organic N systems and decreased or remained the same for 

high inorganic N (< 60 mg kg-1) in both annual and perennial wheat. In a silt loam soil, increased 

respiration rates (µg CO2 - C g-1 soil h-1) were reported from biosolid compost (0.76), green 

waste compost (0.57), and mineral fertilizer (0.48) applied at 80 kg N ha-1 (Ros et al., 2006). In a 

review of 13 agricultural soils, min C ranged from 2 to 2,259 mg C kg-1. The site studied that had 

the highest mean min C was an urban garden in Ohio (1,029 ± 511) that had been applied with 

compost and had high SOC (56 ± 31 g C kg-1) compared to the rest of the sites, which had 

average SOC values that ranged from 6 ± 1 to 23 ± 5 g C kg-1 (Hurisso et al., 2016). 

1.1.1.4 Permanganate oxidizable carbon (POXC) 

Permanganate oxidizable carbon (POXC) represents approximately 1-4% of total SOC (Hurisso et 

al., 2016). POXC has been suggested to be more sensitive to SOM stabilization than other soil 
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health indicators such as SOC, microbial biomass carbon (MBC), or particulate organic carbon 

(POC) (Culman et al., 2012; Hurisso et al., 2016). Higher values of POXC indicate higher levels of 

a relatively more processed and stabilized pool of biologically active carbon. Changes in POXC 

may reflect management that can indicate potential SOC sequestration. 

POXC as a result of different management practices has been observed and appears to relate to 

differences in total C (Hurisso et al., 2016; Morrow et al., 2016; Sprunger et al., 2019). No-till 

sites had consistently higher POXC than conventionally tilled sites, and high POXC was highly 

correlated with SOC and total N (Morrow et al., 2016).  

Studies suggest POXC is related to both the small (53 to 250-µm) and dense fraction of 

particulate organic carbon (POC) which have a low C:N ratio and high microbial biomass. This is 

why scientists suggest POXC measures a more processed fraction of active C (Culman et al., 

2012). POXC was highly related to soil microbial biomass carbon (MBC) at some sites (r2=0.97) 

and only minimally related at others (r2=0.11) (Culman et al., 2012). In a review across 13 

agricultural sites in the U.S., POXC values ranged from 87 to 1,450 mg C kg-1. The study found 

that the largest average POXC (mg C kg-1 ) was in a crop/pasture system (813 ± 411) and was 

closely followed by an Ohio urban garden that had been applied with compost and cover crop 

(803 ± 375) (Hurisso et al., 2016). 

1.1.2 Chemical  
Effects from OA on chemical indicators such as pH, EC, and plant-available nutrients are highly 

dependent on process parameters. The nutritional value of amendments is highly affected by 

the amendment feedstocks and process (Nurhidayati et al., 2018; Quiroz & Céspedes, 2019; 

Steel et al., 2012). Following OA addition, Gómez-Sagasti et al., (2018) concluded that the key 

benefits to the soil after increased SOC stock and microbial activity were enhanced available 

nutrients including N, P, K, Ca, and Mg. 

1.1.2.1 Soil available nutrients 

Soil OA application affects soil available plant nutrients (García-Gil et al., 2004; Ros et al., 

2006b; Weber et al., 2007; Kaur et al., 2008). Measurements of soil available nutrients are 

chemically determined by extractants which are calibrated to measure plant-available nutrients 



 

9 
 

according to soil properties. The Mehlich-III (M-III) extractant has been used as a universal 

extractant for plant-available nutrients across a range of soil types and elements (Antonious et 

al., 2014; Brown et al., 2011; Culman et al., 2020; Zbíral, 2016).  

Depending on OA type, previous studies have shown increases in plant-available nutrients (Ca, 

K, Mg, P, Cu, Fe, Mn, and Zn) following the use of OAs (Beniston et al., 2016; Brown & Cotton, 

2011; Bulluck et al., 2002; Ozores-Hampton et al., 2011).  

Biosolids increased M-III extractable Ca, P, and Zn relative to soil only control but had lower K 

and Mg (Antonious et al., 2014). Increases to soil M-III Ca from biosolids were higher than the 

effects from poultry manure. A review of biosolids applied in Pennsylvania (5 to 156 Mg ha-1) 

found that biosolids increased M-III P by approximately 50 mg kg-1 relative to the control (0-10 

cm depth), increased M-III Ca, and decreased M-III K relative to controls (Shober et al., 2003).  

M-III extractable nutrients (Ca, P, K, Mg, Fe, Mn, and Zn) have been shown to significantly 

increase due to compost applications (Beniston et al., 2016; Warman, 2005). In degraded urban 

soil, high rates of compost (150 Mg ha-1) increased P, K, Ca, Mg, S, Al, and Fe. There were no 

significant differences in concentrations of Zn (Beniston et al., 2016). 

Compared to hardwood vegetative compost, biosolids typically have larger increases to soil M-

III P, Cu, Fe, and Zn, and similar effects on Mn (Basta et al., 2016). In multiple studies, compost 

but not biosolids increased M-III K (Antonious et al., 2014; Basta et al., 2016; Brown et al., 

2011). Depending on the site (orchard or field), compost amended soils increased M-III K, P, 

Mg, Cu, Fe, Mn, and Zn (Brown & Cotton, 2011). 

1.1.3 Physical  
OAs can improve soil structure by lowering bulk density, reducing erosion, increasing soil 

aggregation and water holding capacity (Brown et al., 2011; Khaleel et al., 1981). Water-stable 

aggregation and stability help reflect the functional capability of soil and limits wind and water 

erosion (Franzluebbers, 2016). Aggregate stability as well as many physical soil properties are 

correlated with SOC (Albiach et al., 2001). Studies show that OAs significantly increase 

aggregate stability in the short-term (< 2 years) (Beniston et al., 2016; Leroy et al., 2008). OAs 

have been well-studied with regards to their ability to improve soil physical properties by 
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reducing soil bulk density (Beniston & Lal, 2012; Evanylo et al., 2008; Norris & Congreves, 2018; 

Ozores-Hampton et al., 2011). 

A review of 25 urban soils applied with compost made from various feedstocks at different 

application rates, study durations, and soil types, found that compost reduced bulk density, 

enhanced infiltration rate, and increased hydraulic conductivity and plant available water 

compared to control soils. The authors reported that research of the long-term effects from 

one-time addition and amendment rate comparisons was lacking in the literature (Kranz et al., 

2020).  

1.1.3.1 Bulk density 

Bulk density is a measure of the dry mass of soil per specific volume. Reduced bulk density is an 

indicator of improved soil health. A decrease in bulk density is typically associated with 

increased water infiltration rates, water holding capacity, and improved aggregation. A review 

of long-term changes from OAs to soil physical properties found that they reduced bulk density 

due to improved soil aggregation (Khaleel et al., 1981). OA application results in larger 

decreases in bulk density when amendments have higher C inputs (Cogger et al., 2016; Evanylo 

et al., 2008). 

Single applications of OAs at high rates significantly decrease bulk density (Beniston et al., 2016; 

González et al., 2010). The magnitude of the reduction is directly related to the application rate 

(Aksakal et al., 2016) and persists over time (Evanylo et al., 2008; Ozores-Hampton et al., 2011). 

In a long-term (>10 years) study in sandy soil, bulk density reduced from 1.6 to 1.4 g cm-3 from 

OA application (Ozores-Hampton et al., 2011).  

OAs have positive effects on bulk density in urban soils. In an urban soil, low rates (31 Mg ha-1) 

of biosolids-compost applied annually or biennially, decreased bulk density, and increased 

porosity compared to the fertilized and control plots over time. However, improvements were 

much faster at high rates (144 Mg ha-1) which reduced bulk density (1.11 to 1.05 g cm-3 in 

amended soils) compared to fertilized and control treatments (1.32 and 1.27 g cm-3, 

respectively) (Evanylo et al., 2008). In an urban garden, Tagro and GroCo (200 Mg ha-1 dry 
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weight) reduced the soil bulk density (g cm-3) from the unamended control (1.01 ± 0.01) to 0.77 

± 0.03 (Tagro) and 0.51 ± 0.08 (GroCo) (McIvor et al., 2012a).  

1.2 Plant Response to Organic Amendments 

This section aims to investigate the effect of OA application on plant health as measured by 

crop yield and nutritional density. Soil function is enhanced by OAs which impacts subsequent 

crop nutritional quality and yield (Diacono & Montemurro, 2010). Soil properties can be 

predictive indicators for yield and crop quality and conversely, yield and nutritional quality can 

offer insights into the cumulative effect of OAs on soil quality. The use of organic residuals to 

improve yield can avoid the unsustainable use of inorganic fertilizers (Powlson et al., 2011). 

Changes in soils have frequently been associated with changes in yield and plant quality. For 

example, liming is a well-established method to increase crop yield from increased 

macronutrient availability (Holland et al., 2018). While yield and nutritional density are 

discussed in separate sections below, it is clear that balanced soil nutrients can help improve 

yield, especially in degraded soils (Lal, 2009). Low-quality soils tend to have a lower nutrient 

status and may result in nutrient deficiencies that reduce yield (Brevik, 2013). Other factors that 

influence crop nutritional quality are genetic, environmental, and management (i.e. agricultural 

or post-harvest handling and storage) factors (Hornick, 1992).  

1.2.1 Crop yield 
Reviews of long-term trials indicate beneficial effects on yield from OAs in agronomic systems 

(Chen et al., 2018; Diacono & Montemurro, 2010). Multiple studies indicate that OAs are highly 

beneficial to crop yield in urban soils (Alvarez-Campos & Evanylo, 2019b; Beniston et al., 2016). 

In a review of the literature (n=60) regarding vegetable cropping systems, the application of 

OAs was the main driver for increases in soil health and crop yield (Norris & Congreves, 2018).  

The impact from OAs on crop yield depends on material type and rate of application (Diacono & 

Montemurro, 2010; Ros et al., 2006), cropping system management (Cogger et al., 2016; Norris 

& Congreves, 2018), and crop type (Alvarez-Campos & Evanylo, 2019b; Warman, 2005).  
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Impacts associated with OAs may be more pronounced when soils are initially degraded 

(Beniston et al., 2016). In degraded urban soil, a single high rate of compost maintained 

increased tomato yield relative to an unamended control for two years, with similar trends for 

Swiss chard. OA applications increased sweet potato yield 10-15xs compared to the control plot 

in the second year after application (Beniston et al., 2016). A review of long-term field 

experiments (> 3 to 60 years) found that repeated applications of high rates of MSW-based 

compost increased yield and were highest from frequent applications (Diacono & Montemurro, 

2010). In a field study that applied biosolids and chicken manure (15 t acre-1), the yield was 6x’s 

higher for collard and 4x’s higher for kale compared to the unamended control (Antonious et 

al., 2014).  

Literature shows larger relative yield increases compared to controls are common in sandier 

soils (Chen et al., 2018; Nicholson et al., 2018; Ozores-Hampton et al., 2011). A meta-analysis of 

132 long-term (>10 years) publications worldwide, found that yields were significantly higher 

for OAs (green waste, manure, and biosolids) relative to no addition, but were not higher 

relative to inorganic fertilizer. OA plots had a greater yield compared to inorganic fertilizer 

when applied to soils with certain characteristics (sandy, degraded, and neutral pH). The final 

yield in the reviewed experiments increased for OAs alone (81 ± 15%) and OA with fertilizer 

(102 ± 27%) compared to unamended controls (Chen et al., 2018).  

Amendment quality and characteristics may be predictive of the OA effect on yield in the short 

term (< 3 years). In sandy loam soil, the potato yield was lower in MSW compost than NPK 

treatments after 3 years. The authors suggested that N mineralization from the MSW compost 

was too low for the potato crop requirement (Warman et al., 2011). The C:N ratio was likely too 

high (> 25) and immobilized soil available N. In these cases, compost and inorganic fertilizer can 

have higher yields than the N treatment alone (Larney & Angers, 2012; Ros et al., 2006). 

Additional mineral fertilization is likely not required with the use of biosolids-based or food-

based OAs which have high total N and available nutrients (Kelley et al., 2020). An exception 

being biosolids products which may require additional K depending on the crop and material 

(Badzmierowski et al., 2020). In urban soil, high biosolids applications showed greater potential 
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to increase vegetable yield than lower rates and inorganic fertilizer. Cabbage and kale yields 

were higher with biosolids amendments than inorganic fertilizer (Alvarez‐Campos & Evanylo, 

2019).  

Increases in yield from OAs relative to inorganic fertilizer depend on crop type in addition to soil 

type. In a 12-year field study in sandy loam soil, the increases in yield from compost (animal 

manure, food waste, yard waste, straw, and manure) amended vs. NPK fertilized plots were 

significantly higher for yellow beans (7.7 vs. 5.0 kg plot-1) and green beans (6.2 vs 3.9 kg plot-1), 

respectively. The yield was numerically higher but not significant for compost plots vs. NPK 

fertilized plots for carrot, pepper, onion, and tomato yield. The NPK fertilizer increased crop 

yield more than compost amendments for cauliflower and Brussel sprouts (Warman, 2005). 

Vermicompost (household solid waste, horse manure, and chicken manure) applied at 20 Mg 

ha-1 increased lettuce but not for broccoli yield relative to the control (Ferreras et al., 2006). 

Benefits to yield depend on OA application rate and typically increase with higher doses of OA 

(Cogger et al., 2013; Ferreras et al., 2006; Speir et al., 2004). A long-term field study for 2-year 

wheat-fallow rotation demonstrated the benefits of from biosolids applied at medium and high 

rates (6.9 and 9.0 Mg ha-1 dry) increased grain yield (3.63 and 6.60 Mg ha-1, respectively) 

relative to the anhydrous ammonia (3.13 Mg ha-1) (Cogger et al., 2013). In a pot trial, beet yield 

increased with higher applications of compost from a variety of feedstocks (biosolids, wood 

waste, green waste-based) applied annually for four years (Speir et al., 2004). Vermicompost 

(household solid waste, horse manure, and chicken manure) applied at 20 Mg ha-1 had a higher 

lettuce yield than a low rate of 10 Mg ha-1 (1.93 vs. 1.3 kg m-2 lettuce, respectively) (Ferreras et 

al., 2006). 

Low rates of OA addition have demonstrated improved crop yield (Ninh et al., 2015) with more 

pronounced impacts in the short term. In a field study, poultry manure when applied at low 

rates (1.54 Mg C ha-1) to a potato-corn cropping system increased yield by 17% compared to the 

urea-fertilized control. The resulting yield was similar to higher application rates which 

increased yield by 23% compared to the control (Ninh et al., 2015). These results were likely 

from the fertilizer value of the manure which had a positive effect. For more stable materials 
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such as compost, there are fewer effects from low rate applications (Evanylo et al., 2008; 

Suddick & Six, 2013). A low rate of compost (31 Mg ha-1) improved bulk density and porosity 

but did not affect yield, soil C, or N mineralization relative to an unamended control (Evanylo et 

al., 2008). In this 3-year study, compost amended at high rates (144 Mg ha -1) increased crop 

yield, but low rates did no have an impact. In a small-scale vegetable system, lettuce or bell 

pepper yield was not impacted with low compost additions (5 t ha -1 applied biannually) 

(Suddick and Six, 2013). 

1.2.2 Crop nutritional density 
There are 17 elements considered essential to crop growth (Havlin, 1999). Except for H, O, and 

C, the remaining 14 essential elements for plants are mainly sourced from the soil. Soil to plant 

transfer of trace elements is controlled by soil master variables: pH, redox potential, texture, 

organic matter—quantity and quality, mineral composition, temperature, and water (Kabata-

Pendias, 2004). Even though the total content of trace elements in soils is typically very low (mg 

kg-1), the soil-plant-person pathway is a significant source of mineral nutrition (Steffan et al., 

2018). However, total concentrations of trace elements in the soil don’t necessarily reflect their 

availability to plants (Antonious et al., 2013). 

Crop nutrient concentrations are categorized as deficient, sufficient, or toxic (Havlin, 1999). 

Critical levels are the nutrient concentrations in a plant below which a yield response occurs 

from added nutrients. Deficient levels occur when concentrations are low enough to reduce 

yields. Sufficient levels do not have improved effects from increased yield but may increase 

nutrient concentrations. A phenomenon termed “luxury uptake” describes nutrient uptake that 

does not influence yield (Havlin, 1999). Excessive or toxic levels have nutrient concentrations 

that are high enough to reduce yield. Critical concentration ranges are specific to crop type. 

Many studies have found that use of OAs resulted in increased mineral concentrations of K, P, 

Ca, and Mg (González et al., 2010; Neilsen et al., 1998; Sáinz et al., 1998). Vermicompost 

increased N and P in beets (González et al., 2010) and biosolids increased N, P, and S in grain 

compared to synthetic fertilizer (Nicholson et al., 2018). A study using degraded soil from 

topsoil removal found that vermicompost increased cucumber tissue concentrations of P, Ca, 
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Mg, and Zn (Sáinz et al., 1998). In a field study in sandy loam soil, organic amendments from 

local wastes (including two biosolid composts, yard waste, and biowaste) increased chard leaf 

concentrations of N, P, Cu, and Zn relative to minerally fertilized controls (Neilsen et al., 1998). 

In comparison with clear demonstrations of increased yield due to OA applications, changes to 

nutritional density are much more variable in the literature. Some studies show no effect on 

crop nutritional density even with soil available nutrient changes (Alvarez‐Campos & Evanylo, 

2019; Mkhabela & Warman, 2005; Warman, 2005). A study in urban soil found that EQ biosolids 

products had no nutritional content benefit compared to inorganic fertilizer despite improving 

soil physical properties, soil fertility, and yield (Alvarez‐Campos & Evanylo, 2019). In a 12-year 

field study, compost amended plots increased Mehlich-III (M-III) soil available nutrients P, Ca, 

Mg, Mn, and Zn, but did not significantly increase the nutrient concentration in vegetable crop 

tissue (Warman, 2005). In sandy loam soil, three rates of MSW compost did not increase soil M-

III extractable P or potato P concentration compared to an NPK fertilizer (Mkhabela & Warman, 

2005). In a two-year field study in Canada, soil M-III extractable K was much higher in compost 

plots in comparison to inorganic fertilizer, but there were no detectable differences in 

strawberry K concentrations (Hargreaves et al., 2008). Similarly, manure compost increased soil 

available (M-III extractable) P and Zn but did not change strawberry fruit nutrient content. In 

addition, despite the lack of differences in available Mn between treatments, inorganic fertilizer 

increased strawberry fruit Mn concentrations compared to manure and manure tea 

(Hargreaves et al., 2008).  

Residuals-based amendments have different characteristics and potential differences in 

associated benefits to both soils and plants. For this trial, we tested two types of biosolids-

based materials; biosolids/sawdust compost (GroCo) and potting soil (Tagro) made by blending 

biosolids with aged bark. We also tested amendments made from food scraps from a single 

location, stabilized through vermicomposting and bokashi fermentation. Results from peer-

reviewed literature regarding the characteristics of these materials and the subsequent soil and 

plant response following their use will be summarized. 
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1.3 Characteristics and Impact of Biosolids-Based and Food Scrap-

Based Organic Amendments  

Urban residuals-based amendments made from food scraps and biosolids have high nutrient 

content and can increase soil fertility. Food waste is highly variable and typically has high 

carbohydrate, low cellulose and lignin, high protein (15-25%), and high lipid (13-30%) content 

(Olle, 2020). Food waste has low C:N, high macronutrients, and a full balance of micronutrients. 

Biosolids have high organic C and total N and typically provide all plant available macronutrients 

and micronutrients (Cogger et al., 2006). 

1.3.1 Anaerobic, food scrap-based bokashi 
Bokashi is a product of anaerobic fermentation and offers an alternative tool for sustainable soil 

management (Quiroz & Céspedes, 2019). Anaerobic bokashi is created using an inoculation of 

beneficial microorganisms. A common commercial inoculant is called effective microorganisms 

(EM) and is a mix of lactic acid bacteria (LAB) populations, yeasts, photosynthetic bacteria, 

filamentous fungi, and actinomycetes (Yamada & Xu, 2001). One method to create bokashi is 

outlined briefly in Christel (2017). First, a starter culture is created usually using an inoculated 

mix of grain or wheat bran that is fed with a labile carbon source (typically molasses) and kept 

in an anaerobic environment at least for two weeks. Then, the starter culture is mixed with the 

desired feedstock (food waste) and packed tightly to keep in anoxic conditions for at least three 

weeks. The final stage is for product stabilization and requires burial or mixing with soil for at 

least two weeks. The entire process varies but can take approximately two months. Bokashi 

quality is dependent on the initial water content, molasses additions, and the microbial 

inoculant used (Yamada & Xu, 2001). 

There are benefits and drawbacks to the use of bokashi as an amendment. Benefits include a 

shorter process retention time, lower mechanical mixing, and less stringent feedstock 

composition requirements along with reduced nutrient loss relative to aerobic composting. 

However, bokashi can also have properties that make it difficult to use. Bokashi is considered 

semi-stabilized, has high ammonium (due to lack of conversion to nitrate without oxygen), high 
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salts, and is acidic, which makes using the material potentially phytotoxic without further 

stabilization (Quiroz & Céspedes, 2019). 

1.3.1.1 Typical amendment characteristics 

1.3.1.1.1 Biological characteristics  

Anaerobic fermentation of bokashi propagates Lactobacillus sp. which produce lactic acid and 

suppress less acid pH tolerant microorganisms. The microbes used as a beneficial inoculum 

change the resulting physicochemical characteristics of the bokashi (Yamada & Xu, 2001). 

Bokashi may have higher microbial biomass in the product than in the initial mixture or other 

types of OAs. Microbial biomass carbon (mg C kg-1 dry weight) was much higher in bokashi 

(4,000) than vermicompost (2,000) and other manure-based composts (Epelde et al., 2018). 

Bokashi retains a higher C:N ratio during the process due to a reduction in evolved carbon to 

CO2 which increases C mineralization from stimulated microbial activity once used (Olle, 2020). 

1.3.1.1.2 Chemical characteristics 

Total C, total N, and C:N ratio 

A comparison of two food scrap-based bokashi batches made identically by Christel (2017) had 

slightly varied total N, OM, and C:N ratio (2.45 and 3.54 % total N; 81.4 and 84.3 % OM; C:N 

ratio of 18 and 13). Results were similar in a review by Quiroz & Céspedes, (2019) bokashi 

produced from a large range of feedstocks had a large range of total N content from 1.09% to 

3.50%. The highest total N was from food scrap-based feedstocks. There was also a very large 

range in the C:N ratios (7 to 40) for bokashi from a variety of materials. In a review of 9 farm-

based bokashi products the mean total C and total N were 44.5 ± 2.7% and 4.5 ± 0.6%, 

respectively (Xu, 2001). 

pH and electrical conductivity (EC) 

Two different food scrap bokashi batches by Christel (2017) had a pH of 4.5 and 4.2, and an EC 

of 5.1 dS m-1. Bokashi produced a variety of methods (n=9) and had a mean pH of 5.5 ± 0.8 

(Yamada & Xu, 2001) and a mean EC (dS m-1) of 4.9 that ranged from 2.5 to 6.5. 

The pH has been suggested as a reliable indicator of quality for bokashi as it shows whether the 

LAB has fully acidified the product (Yamada & Xu, 2001). The variation in the material pH has 
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been suggested to be from the microbial populations present and/or the moisture content 

during fermentation. The population of Lactobacillus sp. was much higher in EM-bokashi vs. 

non-EM bokashi (107 vs. 103 CFU g-1) potentially contributing to the pH difference between EM 

vs. non-EM (4.8 vs. 6.0, respectively). Moisture content was found to be a key variable that 

determined pH. Material that was drier (20% moisture content) had a pH > 6 over 21 days but 

dropped to < 5.5 when more hydrated (25% moisture content) (Yamada & Xu, 2001).  

Nutrient content 

Bokashi has high nutrient content (Quiroz & Céspedes, 2019) that is quickly available to plants 

(Christel, 2017). Values for inorganic N in the material ranged from 416 – 2498 mg kg-1 NO3 and 

0.2 – 571 mg kg-1 NH3 (Quiroz & Céspedes, 2019). EM-bokashi had high ammonium and low 

nitrate N (1007 ± 600 and 85 ± 76 mg kg-1) as well as high available P (9.93 ± 1.53 g kg-1) 

(Yamada & Xu, 2001). Food scrap bokashi by Christel (2017) had high K (0.63 and 0.82%) 

measured in two separate batches. 

1.3.1.1.3 Physical characteristics  

Physical characteristics of bokashi may be more consistent than chemical ones. In a review, 

bokashi materials had high porosity and water holding capacity, and low bulk density (Quiroz & 

Céspedes, 2019). In general, the literature regarding the physical characteristics of bokashi is 

limited.  

1.3.1.2 Changes to soil properties following use 

Bokashi is much faster to produce than thermophilic compost (< 2 vs. 3-12 months, 

respectively) and should be considered a semi-stabilized product that may have phytotoxic 

effects from high ammonium or organic acids from the continued degradation of the material 

(Quiroz & Céspedes, 2019). There are gaps in the literature regarding the effects of bokashi on 

soil carbon, physical properties, and microbial indicators. This review will emphasize areas 

where information is available. 

1.3.1.2.1 Fertility 

The addition of bokashi to soil demonstrates increased soil N and improved soil chemical 

properties by degrading quickly and releasing plant-available nutrients (Boechat et al., 2013; 
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Christel, 2017). Bokashi increased the rate of mineralization of PAN more than 5 other organic 

wastes (pulp mill, dairy manure, biosolids, and compost) in the first 7 days of a 91 incubation 

and remained higher for 70 days. The material C:N ratio appeared to help determine the use of 

bokashi (Boechat et al., 2013). 

In a greenhouse study using anaerobic bokashi (food waste, wheat bran, and EM-1) pots 

amended with bokashi had higher soil nitrate when applied at 112 kg N ha-1 relative to compost 

and vermicompost (both bark, manure, food waste-based). In a similar field experiment, 

bokashi provided a prolonged supply of inorganic N from higher initial amounts of ammonium 

which transformed to nitrate over 10 weeks, likely from aerobic nitrifying bacteria. For the 

spinach crop, Bokashi added sufficient soil available P and K and increased Mn and Fe 

availability (Christel, 2017).   

1.3.1.3 Plant response following use 

The variability of the results of bokashi on plant growth could be from the fermentation process 

or material stabilization differences. Many studies do not indicate the amount of bokashi 

stabilization before use (Daiss et al., 2008; Ghanem et al., 2017; Xavier et al., 2019). The overall 

fermentation process can be short (7-15 days) (Daiss et al., 2008; Ghanem et al., 2017; Xavier et 

al., 2019) while other studies have a longer duration (21-30 days) (Álvarez-Solís et al., 2016; 

Christel, 2017) and can also be aerobic instead of anaerobic (Álvarez-Solís et al., 2016; Maass et 

al., 2020). It has been suggested that bokashi should undergo an anaerobic process with 

aerobic final stages to end with a more stable finished product (Yamada & Xu, 2001). The 

positive effects to plant response from bokashi may be related to longer processing times or 

aerobic stabilization where there was no indication of phytotoxic effects (Christel, 2017; Maass 

et al., 2020). In a study that increased yield the days of fermentation were 30 and was aerobic 

(Álvarez-Solís et al., 2016). In the few reviews that have been published on bokashi, the 

fermentation and stabilization processes are not summarized in the literature (Olle, 2020; 

Quiroz & Céspedes, 2019). 

1.3.1.3.1 Yield 

Most often yield increases due to bokashi amendments are suggested to be from increased 

plant-available nutrients (Olle, 2020). Bokashi has demonstrated increased yield of cabbage 
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(Xavier et al., 2019), lettuce (Ghanem et al., 2017), onion and jalapeño (Álvarez-Solís et al., 

2016), spinach (Christel, 2017), but not tomato or peppers (Álvarez-Solís et al., 2016), relative 

to controls.  

The initial yield of tomato fruit was lower in bokashi treatments compared to unamended soils 

but increased at later stages (4 weeks later). This suggests a limitation in immediate nutrient 

release followed by higher nutrient mineralization (Xu et al., 2001). Bokashi that was made 

from rice bran, rapeseed, and fish waste when added to chicken manure with and without 

inoculation, using EM-1 showed that inoculation of both treatments prior to fermentation 

increased tomato fruit yield. In all the treatments fruit yield was highest in the latest week (8) 

than the previous weeks (1-7) (Xu et al., 2001). 

A field study using anaerobic bokashi (food waste, wheat bran, and EM-1) applied at high rates 

(112 kg N ha-1) significantly (p<0.05) increased yield at the second harvest of spinach compared 

to vermicompost, compost, and the unamended control (1.42 compared to 0.47, 0.23, and 0.20 

t ac-1, respectively). The researchers attributed higher yield from the second harvest of spinach 

due to higher soil nitrate mineralization from the bokashi. Spinach yield was significantly 

(p<0.05) higher for food scrap vermicompost and bokashi, compared to the compost (bark, 

manure, and food waste-based) (Christel, 2017). In their study, grain was inoculated for 2 

weeks, followed by a 3-week fermentation process and an additional anaerobic, 2-week 

stabilization period. 

In a field study by Xavier et al., (2019) higher doses of bokashi increased yield. Rates of bokashi 

applied at 0.5, 7.5, 10, and 12.5 t ha-1 were evaluated for effect on cabbage yield found that the 

best rate was 10 t ha-1 and not the highest rate (Xavier et al., 2019). In a study in Chiapas, 

Mexico, bokashi (30-day plant and manure-based aerobic fermentation) significantly increased 

onion yield vs. an unamended control (21.0 vs. 6.4 t ha-1). Pepper yield from bokashi treatments 

were numerically higher (1.6 ± 0.8 t ha-1) but not significantly different than the control (0.9 ± 

0.5 t ha-1) (Álvarez-Solís et al., 2016). The highest dose of bokashi (kitchen waste) in a pot study 

increased lettuce yield compared to the mineral fertilized control (716 vs. 498 g fresh, 

respectively) (Ghanem et al., 2017). 
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1.3.1.3.2 Nutritional density 

Bokashi has demonstrated the potential to increase foliar concentrations of N, K, P, Mg, Mn, 

and Zn (Christel, 2017; Daiss et al., 2008; Maass et al., 2020) relative to unamended controls. In 

a field study spinach leaf concentrations of N, K, Mn, and Zn increased from food scrap bokashi 

(Christel, 2017), which corresponded with increased soil available Mn and Zn. In a pot study, 

three rates of bokashi were applied to parsley with varying treatments of rock phosphate 

added either during the process, to the pot, or omitted as a control. The highest chlorophyll 

index was seen in the highest BK rate applied with rock phosphate to the pot. All treatments 

with the highest amount of BK had the highest foliar and soil available P (Maass et al., 2020). 

This study had positive effects on parsley growth, even with a short fermentation duration (8 

days) which may have been from aerobic fermentation due to turning.   

In a field study, chard treated with EM-bokashi had higher tissue P and Mg than the 

unamended control. However, chard nutritional quality (P, Na, K, Ca, Mg, and Fe) did not 

increase significantly from bokashi (EM, wheat bran, and manure) compared to product 

applications of Greengold® (minerals, salts, organic acids, and polysaccharides) (Daiss et al., 

2008). 

1.3.2 Biosolids-based blends or composts 
Exceptional quality (EQ) biosolids are class A biosolids that meet additional requirements of 

pathogen reduction as well as vector attraction reduction (VAR) and pollution concentration 

limits (USEPA, 2018). Class A biosolids must have non-detectable levels of pathogens and are 

regulated via process-based (processes to further reduce pathogens) and numerical (fecal 

coliform or Salmonella sp.) standards. 

 Class A biosolids can be produced in a variety of ways to assure pathogen kill and VAR. A 

common method for creating class A biosolids is composting to 55°C or 15 days in windrows or 

5 days in aerated static piles. Once EQ standards are met site restrictions and management 

practices such as permitting or pollutant tracking is no longer required (USEPA, 2018).  
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1.3.2.1 Typical amendment characteristics 

Biosolids can be composted or blended with other feedstocks to create a finished product with 

acceptable pH, EC, and N characteristics that increase suitability for home gardening (Alvarez-

Campos et al., 2018; Badzmierowski et al., 2020; Batjiaka & Brown, 2020). Biosolids have high 

total organic C, total N, and P as well as an active microbial abundance and diversity (Medina-

Herrera et al., 2020). Biosolids are composed of both labile and recalcitrant carbon sources such 

as hemicellulose, cellulose, and lignin. Biosolids can vary in nutrient concentration, organic 

matter, and pH based on wastewater treatment processes (Rigby et al., 2009). Aerobic 

thermophilic composting can take 3 months to 1 year. 

1.3.2.1.1 Biological characteristics  

Relative to fertilized controls and other OAs, biosolids have high fungal and bacteria abundance 

and activity (Cogger et al., 2013; Kurzemann et al., 2020; Ros et al., 2006). Medium and high 

rates of biosolids (7 and 9 Mg ha-1) increased gram-negative bacteria, anaerobic bacteria, and 

bacteria: fungi ratios compared to anhydrous ammonia when applied in a 2-year wheat-fallow 

rotation (Cogger et al., 2013). Additions of biosolids at rates above 50% (v/v) in green waste 

compost increased fungal communities (according to ITS-RNA markers) compared to compost 

without biosolids (Belyaeva et al., 2012). 

In a 27-year field trial, applications of biosolids-based compost (175 kg N ha-1) increased soil 

microbial biomass and activity but did not affect microbial diversity compared to mineral N 

fertilizer treatments. Biosolids-based compost also increased soil β-glucosidase activity (an 

enzyme responsible for carbon mineralization) (Kurzemann et al., 2020). Microbial biomass and 

respiration were higher for soils amended with biosolids-based compost than mineral fertilizer, 

manure compost, or green waste compost (Ros et al., 2006). 

1.3.2.1.2 Chemical characteristics 

Total C, total N, C:N ratio 

Biosolids-based amendments have high total C and total N (Alvarez-Campos et al., 2018; 

Batjiaka & Brown, 2020). Characteristics depend on the method of stabilization. Commercial 

products made from Class A cake (Tagro) from Tacoma, WA had different total C depending on 
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the recipe. Tagro Mix (biosolids, sawdust, and sand) had a total C of around 7% and Tagro 

potting mix (biosolids, aged bark, and sawdust) had a total C of 20.3% (Batjiaka & Brown, 2020). 

In the same study, the total N for Tagro Mix and Tagro Potting Soil was 0.64% and 1.16%, 

respectively. Compared to four EQ products a biosolids-based compost had a higher C:N ratio 

(12.0) than thermally- and air-dried biosolids (7.8 and 8.1) (Alvarez-Campos et al., 2018).  

pH and EC 

Typical pH ranges for EQ products range from 6.5 to 9 (Alvarez-Campos et al., 2018). A variety 

of composts made from biosolids, and wood waste had a pH1:5 were more alkaline than the 

peat-perlite control (5.5) from 5.8 to 6.8. The EC1:5 was slightly higher than the control (0.9) 

with a range from 1.0 to 1.6 dS m-1 (Hummel et al., 2014).  

Seven commercially available EQ products when used as an amendment had low EC (< 2.5 dS m-

1). When used as 100% of the growing media EC ranged from 3.0 to 7.5 dS m-1 which likely 

reduced germination emergence of soybeans (Alvarez-Campos et al., 2018). 

Tagro Potting Soil and Tagro Mix had a higher pH (7.77 and 9.00 pH; saturated paste) (Alvarez-

Campos et al., 2018) than Tagro Mix in another study (pH of 6.57 and EC of 0.98 dS m-1(Batjiaka 

& Brown, 2020). The pH1:5 and EC1:5 of GroCo and Tagro were 6.1 and 6.2, and 2.1 and 1.2 dS m-

1, respectively, and similar to a peat-perlite control (Krucker et al., 2010).  

Nutrient content 

Non-composted biosolids have high concentration ranges of N 20-80 g kg-1, P 15-20 g kg-1, K 1-6 

g kg-1, S 6-13 g kg-1, Ca 10-40 g kg-1, and Mg 4-8 g kg-1 (Cogger et al., 2006). Six commercial EQ 

biosolids that were blended or composted had slightly lower macronutrient concentration 

ranges of P 5.1 to 17.0 g kg-1, K 0.9 to 4.0 g kg-1, S 2.5 to 14.1 g kg-1, Ca 8.5 to 29.3 g kg-1, and Mg 

1.8 to 3.5 g Mg kg-1. Micronutrients ranged from Fe 15,500 – 58,300 mg kg-1, Mn 248 – 514 mg 

kg-1, Cu 93 – 241 mg Cu kg-1, and Zn 217 – 535 mg kg-1. High Fe (> 50,000 mg kg-1) in two 

products were from the addition of Ferric chloride used to precipitate P (Alvarez-Campos et al., 

2018).  
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1.3.2.1.3 Physical characteristics  

Typically, EQ biosolid products had a low bulk density, but this depends on the stabilization 

method. Six commercial EQ products had low bulk density from 0.26 to 0.36 g cm-3. Another 

product that was thermally dried had a much higher bulk density of 0.71 (Alvarez-Campos et al., 

2018). Tagro Mix (which contains sand) had a bulk density of 0.43 g cm-3 (Batjiaka & Brown, 

2020). 

A pot study that used Tagro Mix (2:1:1 class A cake and sawdust and sand, by volume) and 

GroCo (3:1 biosolids from King County with sawdust, by volume) either with or with 50% bark 

(by volume) found that Tagro and GroCo had initially higher aeration porosity (22 and 25%) 

compared to the peat-perlite (Sungro Mix #2) control (16%). GroCo and Tagro had lower water 

holding capacity (19% and 29%, respectively) compared to the control (51%), however, 

additions of bark increased water holding capacity for GroCo (40%) and Tagro (39%) (Krucker et 

al., 2010). 

1.3.2.2 Changes to soil properties following use 

Biosolids improve soil health in agronomic systems (Barbarick & Ippolito, 2007; Cogger et al., 

2001, 2013; Nicholson et al., 2018). In particular, class A biosolids have been well documented 

as beneficial to soil quality in urban agricultural systems (Alvarez-Campos et al., 2018; Cogger, 

2005; McIvor et al., 2012a).  

1.3.2.2.1 SOC and total nitrogen content 

Biosolids-based OAs have also been shown to increase SOC content in urban soils (Alvarez-

Campos et al., 2018; Basta et al., 2016). Many studies evaluate effects in degraded urban 

systems (Badzmierowski et al., 2020; Basta et al., 2016), however, positive increases have been 

demonstrated in healthy urban soils (Brown et al., 2012; McIvor et al., 2012b). 

A three-year study in a degraded urban soil that applied yard waste compost (137 Mg ha-1), 

biosolids (202 or 404 Mg ha-1), and a mix (biosolids at 202 Mg ha-1, biochar at 5.7 Mg ha-1, and 

drinking water residuals at 10.3 Mg ha-1) were incorporated by rototiller (15.2 cm). Biosolids 

increased organic C relative to compost in the short term, likely from high total N content 

(Basta et al., 2016).  
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In a degraded turfgrass system, biosolids amendments applied at agronomic N rates for five 

years increased SOC (0-10 cm) from 1.74 to 13.6 7 g kg-1 (+682%) relative to a fertilized control 

(Badzmierowski et al., 2020). In a degraded urban system, four EQ biosolids applied at 

agronomic N rates (112 kg PAN ha-1) increased C storage to a range of 37%-84% compared to 

the inorganic fertilized control. After the 2nd year, biosolids-based compost increased SOC (g kg-

1) from 7.2 (fertilized control) to 11. Biosolids-based compost increased total N (g kg-1) from 0.7 

to 1.6 after the third year (Alvarez‐Campos & Evanylo, 2019). In an urban soil that had high 

initial SOC (41.0%), biosolids products Tagro and GroCo (applied at 200 Mg ha-1) increased total 

C to 51.6 and 80.2%, respectively (McIvor et al., 2012b). Total N increased from 2.8% 

(unamended control) from Tagro (3.4%) and GroCo (4.0%). 

1.3.2.2.2 Physical properties 

Biosolids have beneficial effects on soil physical properties (bulk density, water holding 

capacity, and porosity), application at high rates are particularly effective. Reclamation rates 5-

10x’s higher than the recommended agronomic N rate improved soil porosity, bulk density, and 

water holding capacity at field capacity and permanent wilting point (Alvarez‐Campos & 

Evanylo, 2019). In a turfgrass system, biosolids amendments (applied alone or blended with 

sand and sawdust) at agronomic N rates reduced soil bulk density (0-5 cm) by 33-53% 

compared to synthetic fertilizer over 5 years (Badzmierowski et al., 2020). 

Urban garden applications (200 Mg ha-1 dry) of Tagro Potting Soil (class A cake from Tacoma, 

WA, and sawdust) and GroCo (biosolids-based compost from King County, WA) increased soil 

infiltration rate by 5 to 200x’s the unamended soil control and decreased soil bulk density (g 

cm-3) from 1.07 to 0.55 (GroCo) and 0.77 (Tagro) (McIvor et al., 2012b). 

EQ products applied at high rates (5x’s the agronomic N rate) reduced soil bulk density and 

increased porosity significantly (p<0.05) compared to fertilized controls in two years. The 

differences were not significant relative to the fertilized control when applied at agronomic N 

rate (Alvarez‐Campos & Evanylo, 2019). 
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1.3.2.2.3 Fertility 

Class A biosolid amendments increase soil plant-available nutrients and nutrient mineralization 

(Basta et al., 2016; McIvor et al., 2012b; Neilsen et al., 1998). Co-composting MSW with 

biosolids was the most effective strategy for increasing degradability and nutrient release 

capacity (highest net N and C mineralization, extractable P release, and microbial biomass N) 

compared to compost without biosolids. Material extractable P content positively correlated 

with N mineralization and SOM increase to amended soils, which together explained 83% of the 

variation in C mineralization (Tognetti et al., 2008).  

Biosolids can increase select soil M-III extractable nutrients Ca, P, Mg, Cu, and Zn (Basta et al., 

2016; McIvor et al., 2012b). Biosolids amended soils (202 Mg ha-1) had higher M-III soil 

extractable P, Cu, Fe, Mn, and Zn, with lower K than hardwood vegetative compost (137 Mg ha-

1) (Basta et al., 2016).  

Biosolids products Tagro and GroCo increased M-III P in urban gardens (McIvor et al., 2012b). 

Seven EQ products increased M-III P by an order of magnitude compared to fertilizer 

(Badzmierowski et al., 2020). Biosolids increased M-III P relative to the non-amended control 

(Basta et al., 2016).  

Biosolids are high in K relative to unamended control soils but are typically lower in available K 

than other organic amendments. Four EQ biosolids used in an urban turfgrass study had low K 

and required potash application (Badzmierowski et al., 2020). In a field study, biosolid composts 

increased extractable P, Cu, and Zn, but not K relative to fertilizer and other local wastes 

(Neilsen et al., 1998). 

Composting biosolids helps reduce negative environmental impacts from soil applications of 

nutrients. A study that investigated a variety of EQ biosolids found that amendments increased 

P saturation in soil by 20-35% suggesting beneficial and environmentally sound use for urban 

soils (Alvarez-Campos et al., 2018). Approximately 20% and 15% of amendment organic N were 

released depending on the product without excessive increases in soil P (Alvarez-Campos et al., 

2018). In a separate study, the N released from composted biosolids was half that of non-

composted biosolids and the lower PAN in composted biosolids (4.0%-5.9%) did not negatively 
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impact crop growth. Over 2 years, the N released from composted biosolids depended on soil 

type which was 6% and 12% of the amendment organic N for clay and sandy loam soils, 

respectively (Oladeji et al., 2020). 

1.3.2.2.4 Microbial 

Biosolids-based amendments positively impact microbial indicators relative to other organic 

amendments. Indicators of biological activity, microbial biomass N (MBN), and dehydrogenase 

(DHase) were significantly higher in soils amended with biosolids-based composts than MSW-

based compost. MBN (mg N kg-1) was higher for biosolids vs. MSW compost (22 ± 2 vs. 15 ± 4). 

Differences in MBN and DHase activity were not significant due to the type of compost 

(vermicompost or thermophilic) or amendment rate (2:1 or 3:1 by volume) (Tognetti et al., 

2008). 

In a 27-year field trial, compost made from urban organic waste, green waste, manure, and 

biosolids (175 kg N ha-1) with 0 or 80 kg ha-1 N mineral fertilizer, found that all OAs significantly 

impacted microbial community composition and activity. However, soil microbial biomass and 

activity were higher from biosolids-based compost than the other compost types (Kurzemann 

et al., 2020). 

1.3.2.3 Plant response following use 

1.3.2.3.1 Yield 

Yield in urban systems is consistently improved from biosolids-based amendments relative to 

unamended or fertilized controls. In Basta et al., (2016) biosolid amended plots had greater 

plant biomass production than unamended controls and applications of yard waste compost. 

Higher rates of EQ biosolids have shown higher yield increases (Alvarez‐Campos & Evanylo, 

2019). EQ biosolids applied at agronomic N rates increased yield by 3x’s that of inorganic 

fertilizer for cabbage (3.1 and 1.1, respectively) and kale (1.0 and 0.4, respectively) (Alvarez‐

Campos & Evanylo, 2019).  

Many pot studies demonstrate increased plant growth from biosolids-based amendments 

(Alvarez-Campos et al., 2018; Batjiaka & Brown, 2020; Hummel et al., 2014). In a pot study that 

tested various organic and inorganic residuals treatments made from class A biosolids, Tagro 
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Potting Soil (62% aged bark, 31% sawdust, and 7% biosolids) had the highest petunia biomass 

when grown in 100% of the treatment (24.2 g pot-1) (Batjiaka & Brown, 2020). When diluted 

(50% by volume with sand) TP had a higher yield vs. the potting mix control (18.4 vs. 6.4 g pot-1, 

respectively). In general, except for TP, most of the other blends had a better growth response 

when used at 50% by volume than as topsoil alone (Batjiaka & Brown, 2020). In a pot study by 

Alvarez-Campos et al., (2018) typical field rates (75 mg PAN kg-1 soil) of seven EQ biosolids 

produced excellent biomass in soybean and tall fescue assays that were higher than inorganic 

fertilized controls. Compared to the biosolid-based amendments the fertilizer treatment had 

one of the lowest germination emergence rates (42%) compared to the range of 63-88% of the 

other treatments. The exception was Tagro Mix which had lower germination than the fertilizer 

when used as 100% of the potting media. Tagro Potting Soil had the highest germination 

emergence in both conditions (81% and 88% at applications of 50% or 100%, respectively). In 

the aforementioned study, EQ biosolids products applied at the same N rate had significantly 

higher soybean dry mass than inorganic fertilizer. This is consistent with research that found, 

biosolids alone were too reactive to successfully germinate, but Tagro Potting Mix had > 95% 

germination rates (Batjiaka & Brown, 2020). In another pot study, pepper yields were 

significantly higher for both biosolids amendments relative to the peat perlite control under 

low N fertilization, but not significant for high N fertilization (Hummel et al., 2014). 

Without dilution or irrigation, there is the potential for negative impacts on seed germination 

as a result of high soluble salts content (Alvarez-Campos et al., 2018; Batjiaka & Brown, 2020). 

When used as a soil amendment EC was low and ideal for plant growth (< 2.5 dS m-1) but when 

used without dilution in potted assays ranged from 3.0 to 7.5 dS m-1 and likely inhibited 

soybean seed germination (Alvarez-Campos et al., 2018). In Batjiaka and Brown (2020) organic 

and inorganic residuals mixed with class A cake had a very high EC (39.9 dS m-1) when mixed 

with walnut shell char and thus poor germination. A limit considered acceptable for plant 

growth is an ECe of < 4 dS m-1 ( or < 2 for sensitive crops) (Weil & Brady, 2017) but studies 

showed limited effects when EC1:5 was < 5 dS m-1 (Hummel et al., 2014).  
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1.3.2.3.2 Nutritional density 

Crop nutrient concentrations of N, Ca, P, K, Cu, and Zn have been measured in field studies 

from soils amended with biosolids and biosolids-based compost (Basta et al., 2016; Neilsen et 

al., 1998). In sandy soil in British Columbia, CA, applications of biosolids-based compost 

increased chard leaf N, P, Cu and Zn compared to a fertilized control (Neilsen et al., 1998). In an 

urban soil, plant tissue N, P, and K were directly related to biomass and significantly higher in 

biosolids amended plots compared to both the yard waste compost and the unamended 

control soil. Biosolids with biochar and biosolids alone increased plant Zn nutrient 

concentrations in edible leaf tissue. Ca and S tissue content were similar between biosolid, the 

compost, and the control soil. Plant tissue analysis showed the concentrations of trace 

elements were below toxic ranges (Basta et al., 2016). Wheat grain Zn was higher in biosolids 

than in fertilized plots (McGrath et al., 2012). However, in one study in urban soil, while yield 

increased from biosolids-based amendments, there was surprisingly little effect on vegetable 

mineral content (Alvarez‐Campos & Evanylo, 2019). 

1.3.3 Food scrap-based vermicompost 
Vermicomposting is a mesophilic (25°C to < 40°C) process that commonly utilizes epigeic, 

Eisenia fetida (red wriggler) worms. The finished material is referred to as worm castings. 

Vermicomposting has been well-studied as a sustainable option for urban solid waste (Sim & 

Wu, 2010; Singh et al., 2011). Vermicompost typically requires 1 to 6 months to generate a 

finished product.  

1.3.3.1 Typical amendment characteristics 

1.3.3.1.1 Biological characteristics  

Vermicompost exhibits large microbial diversity of bacteria, fungi, and actinomycetes (Neher et 

al., 2013) likely from microbial communities present in the gut of the earthworm during 

digestion (Guhra et al., 2020) or from the mucus worms secrete to move easily in the soil (Lee, 

1985). Worm mucus contains water, carbohydrates, proteins, lipids, and polysaccharides (Pan 

et al., 2010) which are likely added to worm casting material. 
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Commercial vermicompost (manure and silage material) had significantly higher (p<0.001) 

microbial diversity and abundance than aerated static pile and windrow compost made from 

the same feedstocks (Neher et al., 2013). 

Benefits to crop growth from vermicompost are likely from plant growth regulator substances 

and humic acids. When macronutrients were kept constant, yield increases from vermicompost 

were considered to be from increases in biological activity (Arancon et al., 2004).  

Carbon respiration and DHase activity, which indicate microbial activity and C mineralization, 

are higher in vermicompost than compost. Higher CO2 flux (πmol m−2 s−1) was found in soils 

amended with vermicompost from food waste (8.4) than food waste compost (5.6), chicken 

manure (4.2), and green waste (3.2) compost (Pant et al., 2012). Between vermicompost types, 

food waste compost had higher microbial measures than vermicompost that was chicken 

manure-based. 

1.3.3.1.2 Chemical characteristics 

Total C, total N, and C:N ratio 

Typically vermicompost decreases the initial feedstock material TOC and C:N ratio relative to 

the original feedstocks (Shukla & Singh, 2010). Three types of vermicompost were made from 

combinations of cow manure, vegetable waste, leaf litter, and spent mushroom waste had 

ranges for TOC from 17-35% and total N from 2.02-2.28% (Nurhidayati et al., 2018). Specifically, 

food waste vermicompost had a total C and N of 19.5% and 1.3%, respectively (Arancon et al., 

2004), which was in-between the results found for TOC and total N in kitchen vermicompost 

(10.3% and 0.85%) and vegetable-based vermicompost (23.92% and 2.11%, respectively). 

(Nurhidayati et al., 2018). 

Typically, the C:N ratio for vermicompost is low (< 20). A study of three types of vermicompost 

had C:N ratios that ranged from 8.5 to 15.2 (Nurhidayati et al., 2018). In an incubation study, 

vermicompost was the only amendment compared to green waste, poultry manure, and straw 

compost, which behaved like a mature compost with a C:N ratio of < 12 (Flavel and Murphy, 

2006).   



 

31 
 

A review by Singh et al, (2011) that compared vermicompost and compost processes (16-day) 

made from the same MSW feedstock found that the volatile solid reduction was 19% for 

vermicompost and 12% for compost and that the C:N ratio reduced from 21.5 to 16.2 for 

vermicompost while the compost reduced from 21.5 to 18.8. While these differences appear 

small, they indicate a potential for larger differences in final material stabilization and C:N ratio 

over a longer duration (> 2 weeks). 

pH and EC 

Typically, worm castings from food waste are alkaline (Arancon et al., 2004; Nurhidayati et al., 

2018). The pH of three types of vermicompost (cow manure, vegetable waste, leaf litter, and 

spent mushroom waste) ranged from 7.1 to 7.4 (Nurhidayati et al., 2018). Worm castings had a 

higher pH (7.59) compared to the peat-perlite mixture (Hidalgo et al., 2006). 

Nutrient content 

Vermicompost can increase total Kjeldahl N, total Ca, and total K, relative to the initial 

feedstock material (Shukla & Singh, 2010). Vermicompost has high concentrations of plant-

available nutrients (Sing et al., 2011), including nitrates, phosphates, exchangeable Ca, and 

soluble K (International Symposium on Earthworm Ecology, 2004). Multiple studies have shown 

higher nutrients in food scrap-based vermicompost than other types (Arancon et al., 2004; 

Nurhidayati et al., 2018). Three types of vermicompost (combinations of cow manure, 

vegetable waste, leaf litter, and spent mushroom waste) had nutrient concentrations ranging 

from 0.73-10.63% P and 0.23–1.05% K (Nurhidayati et al., 2018). 

Food scrap-based vermicompost can have higher macro-and micronutrients than paper or 

other wastes used for vermicompost (Arancon, et al., 2004; Nurhidayati et al., 2018). Kitchen 

and vegetable waste vermicompost had macronutrients of 1.96% Ca, 0.80% Mg, and 0.15% P. 

Vegetable waste vermicompost had Fe, Cu, Mn, and Zn of 412, 57, 98, and 89 mg kg-1 

(Nurhidayati et al., 2018). Food scrap-based vermicompost had higher nutrients (C, N, Ca, Fe, K, 

and S) than paper-based vermicompost (Arancon et al., 2004). Both food waste and paper-

based vermicompost had similar Mn, Mg, P, Cu, and high levels of nitrates. Food scrap 



 

32 
 

vermicompost had 2.7% P, 9.2% K, 4.4% Mg, 2.6% S, 23.3% Fe, and 609.8% Mn and 50.1 µg g-1 

Cu (Arancon et al., 2004). 

1.3.3.1.3 Physical characteristics  

Worm castings are often considered a peat-like material, with a large surface area with high 

porosity, aeration, drainage, and water holding capacity (Lim et al., 2015). 

1.3.3.2 Changes to soil properties following use 

Improvements to soil fertility, physical properties, and biological activity from vermicompost 

have been well documented (Lim et al., 2015). 

1.3.3.2.1 SOC content 

Carbon content was increased in vermicompost amended soils relative to controls in lab 

incubations (Aksakal et al., 2016), but larger doses may be necessary for SOM changes in the 

field (Albiach et al., 2001; Ferreras et al., 2006). In a lab study, applications of 0.5%, 1%, 2%, and 

4% (w/w) that vermicompost increased SOM compared to the unamended control by 14.0%, 

23.8%, 42.0%, and 90.2% (Aksakal et al., 2016). In a field study, vermicompost (household solid 

waste, horse, and chicken manure) applied at 10 and 20 Mg ha-1 increased SOC compared to 

nonamended control. However, in the first application increases were significant for just one 

type of vermicompost at the higher rate only. After a second addition, vermicompost 

significantly increased SOC at either rate (Ferreras et al., 2006). In a 5-year field study where 

vermicompost was applied at low rates (2.4 t ha-1 yr-1) there was no effect on SOC compared to 

an unamended control (Albiach et al., 2001) 

1.3.3.2.2 Physical properties 

Vermicompost has beneficial effects on soil physical properties. A recent study found that 

worm-secreted mucus assisted in the formation of soil mineral micro aggregates (Guhra et al., 

2020). In a field study, the proportion of water-stable soil aggregates in soils amended with 

vermicompost a rate of 20 Mg ha-1 was significantly higher than 10 Mg ha-1 (Ferreras et al., 

2006). 

In a lab study, vermicompost addition improved wet aggregate stability, reduced bulk density, 

and decreased soil dispersion ratio in a wide range of soil textures. The highest application had 
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the highest total porosity and the lowest bulk density (Aksakal et al., 2016). At the highest rate, 

vermicompost increased wet aggregate stability from 26.9% to 52.2% compared to an 

unamended control and was highly correlated (r=0.92) to changes in SOM. Applications of 

vermicompost at 0.5%, 1%, 2%, and 4% (w/w) decreased soil bulk density (g cm-3) from the 

unamended control (1.32) to 1.26, 1.24, 1.19 and 1.15 and increased total porosity by 3.5%, 

5.1%, 9.1%, and 11.9%, respectively (Aksakal et al., 2016). 

1.3.3.2.3 Fertility 

Vermicompost has demonstrated increases in soil nitrate compared to fertilizer or manure 

compost (Christel, 2017; Panicker et al., 2009; Wang et al., 2017). In a greenhouse study, food 

waste vermicompost had high soil nitrate initially but was identical to the control by the end of 

the experiment (17 weeks) (Christel, 2017). Concentrations of nitrate N and available P were 

also found to be higher in vermicompost amended soil than inorganic fertilizer (Panicker et al., 

2009). Food and paper waste vermicompost amended soils (5 or 10 t ha-1 to top 10 cm) had 

significantly higher total extractable N and orthophosphates than inorganic fertilizer plots 

(Arancon et al., 2004). Vermicompost increased soil total N and soil available P and K, compared 

to a control of 5 t ha-1 manure only (Nurhidayati et al., 2018). 

1.3.3.2.4 Microbial 

Multiple studies demonstrate increased soil microbial diversity and abundance from 

vermicompost application (Arancon et al., 2004; Neher et al., 2013). Microbial respiration was 

significantly higher than an unamended control from the application of vermicompost at 2 kg 

m-1, but not 1 kg m-1 (González et al., 2010). Microbial biomass was significantly higher in plots 

that received 5 or 10 t ha-1 vermicompost, compared to inorganic fertilizer (Arancon et al., 

2004).  

In a field study, vermicompost (household solid waste and manure) applied at low rates (10 or 

20 Mg ha-1) increased soil microbial respiration (AA method) but was highly variable depending 

on vermicompost type (Ferreras et al., 2006).  
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1.3.3.3 Plant response following use 

1.3.3.3.1 Yield 

Studies have shown that vermicompost additions have large benefits to yield (Goswami et al., 

2017; Sáinz et al., 1998) but reach a point of diminishing returns (Hargreaves et al., 2008). 

Vermicompost additions of 10%, 50%, and 100% (by volume) significantly (p<0.05) increased 

cucumber shoot yield (dry g pot-1) to 0.8, 1.4, and 1.2, compared a control (0.1) and inoculated 

soil (0.2) (Sáinz et al., 1998). Vermicompost increased yield and quality for tomato and cabbage 

(Goswami et al., 2017). In a degraded system, vermicompost increased yield (15-17%) relative 

to the MSW compost made from the same material (González et al., 2010). 

Ideal vermicompost application rates for yield increases likely reach an upper threshold. In a 

field experiment, vermicompost was applied at four rates (2.5, 5.0, 7.5, and 10.0 t ha-1) with 

supplemental fertilizer to meet the NPK agronomic requirements. The best results were from 

the vermicompost application of 7.5 t ha-1 compared to the other rates (Hargreaves et al., 

2008). 

Yield increases from vermicompost differ depending on the feedstock used. A field study tested 

in a silt-clay soil amended with three different types of vermicompost at four rates (5, 10, 15, 

and 20 t ha-1) and found that the highest yield was from a spent mushroom compost and 

coconut husk vermicompost applied at 10-15 t ha-1 (Nurhidayati et al., 2018). 

In pot studies, vermicompost consistently demonstrates increased plant growth (Arancon et al., 

2004; Atiyeh et al., 2000; Christel, 2017; Hidalgo et al., 2006). When used as a portion of the 

potting media, vermicompost increased plant growth in marigolds (Hidalgo et al., 2006), lettuce 

(Atiyeh et al., 2000), spinach (Christel, 2017), and chard (Libutti et al., 2020). Vermicompost (pig 

manure and food waste) mixed in pots at 10% and 20% (by volume), increased lettuce and 

marigold growth compared to commercial potting mixes (Atiyeh et al., 2000). Applications of 

manure-based vermicompost (140 and 280 kg N ha-1) increased chard yield in pots compared to 

unamended soil with higher yields from the higher rates (Libutti et al., 2020). 

When nutrients were not limiting across treatments, yield improvements from vermicompost 

compared to mineral fertilizer suggest that soil physical or biological improvements are 
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responsible for increases in yield, such as plant growth-promoting substances, improved 

physical structure, and beneficial microorganisms (Arancon et al., 2004). In a pot study with 

similar nutrients applied, soils that were amended with 40% (by volume) of food waste 

vermicompost increased pepper fruit yield by 45% compared to commercial potting media 

without vermicompost addition (Arancon et al., 2004). In a pot study in three soil types, 

additions of chicken manure (19 t ha-1) and vermicompost (30 t ha-1) improved tomato yield 

relative to conventional (urea) fertilizer treatment, when applied with similar N and K additions 

(Wang et al., 2017).  

Research has suggested that increased yield from vermicompost may be the result of the humic 

acids (formed from the breakdown of organic wastes) in worm castings which can act as plant 

growth hormones from their ability to adsorb to the humates (Arancon et al., 2004) and 

increase yield (Atiyeh et al., 2002). To test this, pot studies with non-limiting applications of 

nutrients were applied with extracted humic acid from food waste and pig manure 

vermicompost. The extracted humic acid significantly increased the growth of tomatoes and 

cucumbers. In addition, compared to commercially produced phytohormone indole acetic acid 

(IAA), the humic acids derived from food waste vermicompost (500 mg kg-1 dry) significantly 

increased pepper yield (Arancon et al., 2006). 

Field studies of vermicompost demonstrate increased yield compared to inorganic fertilizer and 

other OAs (Christel, 2017; Panicker et al., 2009; Rashtbari et al., 2020). In clay soil, the 

blueberry yield was significantly higher in vermicompost plots relative to inorganic fertilizer 

(Panicker et al., 2009). A lab study, on the yield of canola under drought conditions (moderate 

and severe stress), found that 4% vermicompost application increased growth attributes 

significantly compared to compost and a lower (2%) vermicompost rate (Rashtbari et al., 2020). 

Positive effects of vermicompost relative to NPK were found in strawberry, tomato, and pepper 

crops (Arancon et al., 2004). Food-based and paper waste-based vermicompost (5 or 10 t ha-1) 

increased strawberry marketable fruit weight by 35% relative to the NPK treatment. Food waste 

vermicompost applied (10 t ha-1) significantly (p<0.05) outperformed paper waste 

vermicompost. Pepper yield was the highest at one site, from the higher vermicompost rate, 
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but at another site similar benefits were seen for pepper yield at both rates (Arancon et al., 

2004). 

1.3.3.3.2 Nutritional density 

Crop nutrient concentrations increased from vermicompost but vary depending on crop and 

nutrient. Vermicompost has shown increased concentration of N and P in beet roots (González 

et al., 2010), P, Ca, Mg, Cu, Mn, and Zn in cucumber shoots (Sáinz et al., 1998), N and K in Pak-

Choi (Nurhidayati, et al., 2018), and Mg, Fe, Zn, and Cu in lettuce leaves (Hernández et al., 

2010). 

Vermicompost application rates seem to be important for resulting crop nutrient content 

effects. A higher dose of vermicompost (2 vs. 1 kg m-2) increased N and P concentration in beet 

tissue. The high rate of vermicompost, both alone and with additional bone meal, had 

significantly higher N (25.00 and 24.20 g kg-1, respectively) and P (4.50 and 4.76 g kg-1, 

respectively) than the unamended control, bone meal alone, or the lower rate of vermicompost 

(González et al., 2010). In Sáinz et al., (1998) vermicompost from urban waste influenced the 

mineral nutrition of cucumber. Higher doses of vermicompost (10%, 50%, and 100% by volume) 

increased nutrient content in the shoot tissue for P, Ca, Mg, Cu, Mn, and Zn relative to the 

unamended control. In contrast, shoot tissue Fe decrease from increasing amounts of 

vermicompost. 

In some cases, there were effects from vermicompost on mineral concentrations of K and P that 

increased or unchanged depending on the study. In the case of mineral Fe concentrations, the 

direction of the effect was not consistent between studies. In a silt-clay soil, three types of 

vermicompost were applied to Pak-Choi (Brassica rapa L.) at rates from 5-20 t ha-1 increased 

nutrient uptake for N and K, but not P in the first and second cropping (Nurhidayati et al., 

2018). In a 25-week pot study, applications (18.5 t ha-1) of cattle manure-based vermicompost 

and compost increased leaf Ca and Mg relative to inorganic fertilizer, but did not change P, K, 

Cu, or Zn. Vermicompost increased leaf Mn, Cu, and Fe, compared to the compost, but Fe was 

not significantly higher than the inorganic fertilizer (Hernández et al., 2010). 
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1.3.4 Potential effects of urban residuals-based organic amendments on human 

health 
In general, Americans lack vegetables in their diet regardless of age. The average adult (2,000-

calorie diet) should consume 1.5 cups of dark green vegetables per week and 2.5 cups of 

vegetable equivalents per day (Dietary Guidelines for Americans, 2020-2025, 2010). In 2017, a 

study found that only 1 in 10 adults meet the federal USDA guideline for fruit and vegetable 

consumption (2-3 cups of vegetables per day depending on age and calorie requirements) (Lee-

Kwan, 2017). Almost 90% of the U.S. population does not meet their vegetable 

recommendations and most adults are only getting half of their recommended vegetable intake 

(Dietary Guidelines for Americans, 2020-2025, 2010). 

When vegetables are consumed, they are disproportionate amounts consumed from some 

categories than others. For example, tomatoes or potatoes are typically consumed more than 

dark green vegetables. The USDA Dietary Guidelines recommends consuming varied (from five 

broad categories) and nutrient-dense vegetables. Recommendations for vegetable portions 

differ based on the method of preparation and water content. For example, two cups of raw 

leafy salad or dark greens are considered one cup vegetable equivalent (Dietary Guidelines for 

Americans, 2020-2025, 2010).  

The use of urban residuals-based OAs that are food scrap and biosolids-based has the potential 

to fill major gaps in the diet and nutritional intake of the average American when used in home 

gardening and urban agriculture from improvements to soil and plant health.  
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Chapter 2. Soil Health Plant Health Pot Study 

2.1 Introduction 

Urban agriculture can improve food security and sovereignty (Lal, 2020) while increasing the 

use of highly available local resources as organic amendments (OAs) which are beneficial to soil 

health and crop yield. Two highly prevalent urban residuals that are valuable as soil OAs once 

stabilized are food waste and biosolids. Opportunities exist for both these materials to divert 

large amounts of material from landfills for beneficial end uses. Landfilled material as a percent 

of the total generated is higher for food waste vs. biosolids (56% vs. 45%, respectively) (A 

National Biosolids Regulation, Quality, End-Use & Disposal Survey, 2007; EPA, 2018). 

 The U.S. EPA reported in 1998, that 6.9 million tons (dry) of biosolids were produced and 60% 

were beneficially applied while the remaining 40% were landfilled or incinerated (Biosolids 

Generation, Use and Disposal in the United States, 1999). Most of the land-applied biosolids are 

permitted for use on agronomic crops and reclamation sites that require further pathogen 

destruction before use by the general public. This estimate was updated more recently from 

wastewater flow data was compiled in a report by the Northeast Biosolids, and Residuals 

Association (NEBRA). In 2004, the number of biosolids produced in the U.S. was 7.18 million 

tons (dry) of which only 50-55% were beneficially used. The remaining 45% were landfilled or 

incinerated. Approximately 75% of the biosolids produced that were beneficially used were 

land applied and the remaining ¼ were class A biosolids (mostly compost or heat-dried pellet 

fertilizer). Trends for biosolid re-use are increasing. In a survey, 20 out of 43 states responded 

positively that the beneficial use of biosolids was increasing in their state (A National Biosolids 

Regulation, Quality, End-Use & Disposal Survey, 2007). Methods of stabilization of biosolids 

include chemical or biological methods such as thermal hydrolysis, lime stabilization, or aerobic 

composting. Biosolids can be blended or composted with other feedstocks to create a finished 

product suitable for urban agriculture (Alvarez-Campos et al., 2018; Badzmierowski et al., 2020; 

Batjiaka & Brown, 2020). For use by the general public, biosolids must be free of pathogens. 

Exceptional quality (EQ) biosolids are class A biosolids that meet additional requirements of 
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pathogen reduction as well as vector attraction reduction (VAR) along with pollution 

concentration limits (USEPA, 2018).  

According to the US EPA, in 2018, municipal solid waste (MSW) across industrial, residential, 

and commercial sectors, consisted of significant quantities of food waste (22%) and yard waste 

(12%) (63 and 35 million fresh U.S. tons, respectively). Large amounts of food waste are 

landfilled (56%) or incinerated (12%) (35.2 and 7.6 million U.S. tons, respectively) (EPA, 2018). 

Methods of stabilization of food waste include aerobic thermophilic composting, anaerobic 

bokashi, and mesophilic vermicomposting. 

In this study, amendments were produced using two methods of food scrap stabilization: 

anaerobic bokashi and vermicompost. Bokashi is a fermentation process that originated in 

Japan and offers an alternative tool for sustainable soil management (Quiroz & Céspedes, 

2019). Typically, bokashi is inoculated with beneficial microorganisms and maintained as 

anaerobic fermentation. There is a commercially available inoculum called effective 

microorganisms (EM) which contains a mixture of organisms to start the fermentation process 

(Yamada & Xu, 2001). Bokashi is a quick process vs. composting (< 2 vs. 3-12 months) but 

typically requires additional stabilization through soil burial or aerobic composting (Weil & 

Brady, 2017). Vermicomposting is a mesophilic (< 40°C) process that commonly utilizes 

epigeic, Eisenia fetida (red wriggler) worms. Vermicomposting has been well studied as a 

sustainable option for urban organics (Sim & Wu, 2010; Singh et al., 2011). Vermicompost 

generally takes 1-6 months.  

In many pot trials or field studies across various systems, the effects on soil quality and 

subsequent yield to soils from vermicompost and EQ biosolids have been well documented 

(Aksakal et al., 2016; Alvarez‐Campos & Evanylo, 2019, 2019; Beniston et al., 2016; Libutti et al., 

2020; McIvor et al., 2012a; Neilsen et al., 1998; Singh et al., 2008), but food scrap bokashi has 

had limited investigation on soil and plant response. While the concept of ‘soil health’ has 

become integrated into agronomic systems, it has yet to be thoroughly tested for urban 

systems. The impact of soil health on vegetable yield and nutritional quality has had limited 

investigation in these systems. 
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Additional research on the impact of OAs on soils with a focus on community gardens and 

urban agriculture is needed. There have been limited studies that use urban residuals OAs in 

urban gardens (Alvarez‐Campos & Evanylo, 2019; McIvor et al., 2012). Yet, many studies 

investigate degraded urban soils (Badzmierowski et al., 2020; Basta et al., 2016; Beniston et al., 

2016). Urban soils can suffer from degradation due to compaction, pollution, or topsoil removal 

(De Kimpe & Morel, 2000), however, they can also be even healthier than agricultural fields due 

to perennial crops, mulching, and irrigation (Brown et al., 2012). It is important to investigate 

the use of highly available, locally sourced urban residuals for their effects on different urban 

soils. 

Plant and soil impacts urban-derived OAs depend on amendment characteristics as well as soil 

and environmental factors. We conducted a pot study using OAs made from biosolids and food 

scraps to answer the following research questions: 

• What are the impacts from urban residuals-derived OAs on soil health and are they 

consistent across different soils? 

• How do vegetable yield and foliar mineral concentration compare between crops grown 

in soils that are traditionally fertilized vs. amended with urban residuals-based 

products? 

2.2 Materials and Methods 

2.2.1 Control soils and treatments 

A pot study was conducted to test kale (Brassica oleracea subsp. Acephala ‘Winterbor’) and 

Swiss chard (Beta vulgaris ‘Fordhook Giant’) response to biosolid and food scrap-based soil 

amendments. Two soils were used as controls. This study was an extension of a field trial. The 

field trial was conducted at three sites where locally-produced OAs had been used over time. 

The impact of the OAs on soil health, crop yield, and nutrient concentrations were measured as 

part of that trial. For this trial, we directly compared each of the amendments from the 

different field sites on two of the control soils. One control soil was sourced from the City of 

Tacoma Central Wastewater Treatment Plant in Pierce County, WA (Tacoma). The Tacoma soil 

was not classified and was likely fill remnant from plant construction. The second was collected 

from the South Plant Wastewater Treatment in Renton, King County, WA (Renton) which is part 
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of the Woodinville series; Fine-silty, mixed, superactive, nonacid, mesic Aeric Fluvaquents 

(NRCS Soil Survey Staff, 2021). Control soils were collected at the surface (20 cm) by shovel 

from random areas at each site. The control soils were sieved moist through a 4 mm sieve and 

stored fresh prior to use.  

The OA treatments were locally sourced near King County, WA. Vermicompost, bokashi, and 

worm tea were made from food scraps generated at the Monroe Correctional Facility (Monroe, 

WA). Food scraps collected from the cafeteria were pulped before further processing. For the 

bokashi, food waste was placed in large barrels, layered with inoculated grain, and stored for at 

least 6 weeks (Hachney & Brown, 2017). The vermicompost was produced by layering food 

waste with shredded paper. The worm (vermicompost) tea was prepared by circulating water 

through the vermicompost for 24 hours and was stored in the refrigerator (4°C) in-between 

weekly applications throughout the kale pot study (7 weeks). Two commercial biosolids 

products were included in the study; Tagro and GroCo. GroCo is a biosolid-based compost that 

is produced using anaerobically digested class B biosolids composted with fir and hemlock 

sawdust for at least one year (3:1 biosolid:sawdust by volume) (King County, 2021). Tagro 

Potting Mix is a blend (% by volume) of class A biosolids (8%), aged bark (61%), and 

washed/screened sand (31%) from Tacoma Central Wastewater Treatment Plant in Pierce 

County, WA (McIvor et al., 2012a).  

2.2.2 Amendment application rates 

Amendments were applied at rates of 210 and 220 Mg dry ha-1 to the Renton and Tacoma soil, 

respectively. Dry application rates were calculated after measuring the percent solids and bulk 

density of each amendment (Table 2.1). Total solids were weighed in triplicate and dried at 60 

°C for at least 24 hours to determine gravimetric water content. Initial bulk density was 

recorded by filling the fresh material into a container of known volume and calculating the dry 

mass from the total solids content. Below is an example of the calculated dry mass addition 

from the 1:1 by volume (fresh) addition for bokashi and the dry mass of the control soils. To 

summarize from the calculation, dry rates of addition were 1.17 kg bokashi to 5.32 kg (Tacoma) 

and 4.54 kg (Renton) soil. Dry mass additions as a percent of the total mass (% dry) were 

calculated using Equation 1.  
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The high rate was chosen to represent two potential scenarios. The first is a community 

gardener who uses high rates of amendments to rapidly improve the soil. The second 

represents what cumulative loading rates would be over time. The latter is more in line with the 

use of amendments in the field component of the study. 

Table 2.1 Amendment and control soil total solids, bulk density, fresh volume addition, and dry 
mass addition. 

*Mean (n=3) ± standard deviation. Control soils are in grey.  

1,170 𝐵𝑜𝑘𝑎𝑠ℎ𝑖 ( 𝑑𝑟𝑦 𝑔)

5,320 𝑇𝑎𝑐𝑜𝑚𝑎 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 +1,170 𝐵𝑜𝑘𝑎𝑠ℎ𝑖 ( 𝑑𝑟𝑦 𝑔)
= 18%  

1,170 𝐵𝑜𝑘𝑎𝑠ℎ𝑖 (𝑑𝑟𝑦 𝑔)

4,540 𝑅𝑒𝑛𝑡𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 + 1,170 𝐵𝑜𝑘𝑎𝑠ℎ𝑖 (𝑑𝑟𝑦 𝑔)
= 20%   

Equation 1. Example calculation of percent addition of 18% (Tacoma) and 20% (Renton) soil 
(dry mass basis) based on bokashi and control soil dry application rates. 

Amendments were mixed with the control soils as follows. The bokashi was mixed with the 

control soils (1:1 by volume fresh) to allow time for the material to stabilize. Bokashi was mixed 

by setting a bottom layer of each respective control soil on a tarp and evenly spreading bokashi 

over top. We then mixed thoroughly mixed the material by hand and cured the mixture for 11 

weeks in a 19-liter plastic bucket. Bokashi was cured for a longer duration than the other 

amendments by an additional 6 weeks. When added 1:1 (by fresh volume) approximately ¼ of 

the dry weight was bokashi which was consistent with the high moisture content of food waste. 

The process was similar for the rest of the amendments which cured for 5 weeks total in 19-

Amendment or 
control 

Total solids Bulk density 
Volume added 

(fresh) 
Mass added 

(dry)  

 % g cm-3 g cm-3 kg 

Renton soil 79.1 ± 3.0 0.67 6,500 4.54 

Tacoma soil 96.0 ± 3.5 0.82 6,500 5.32 

Bokashi 21.0 ± 2.9 0.18 6,509 1.17 

GroCo 37.6 ± 1.6 0.13 8,970 1.17 

Tagro 48.7 ± 4.5 0.22 5,243 1.17 

Vermicompost 36.7 ± 11.9 0.21 5,945 1.17 
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liter buckets with holes to maintain aerobic conditions. During curing, the amended soil 

mixtures were turned by hand weekly to ensure even mixing, increase aeration, and allow for 

stabilization. 

The experimental design included a fertilized and unamended control for each soil type. The 

fertilizer control was an inorganic fertilizer (Scotts® Lawn and Turf Builder, 24-25-4) applied at 

agronomic N rate (224 kg ha-1 or 1.65 g pot -1) to the top 5-8 cm of the soil. Worm tea additions 

in the kale study were added at 250 mL weekly (for 7 weeks total). Before planting kale, 

aliquots of amended soil mixtures and control soils were set aside for soil analysis and later use 

in the chard pot study.  

2.2.3 Kale pot study 

The kale pot study was conducted at the University of Washington greenhouse at the Center for 

Urban Horticulture (CUH) in Seattle, Washington. The greenhouse was set to a 14-hour daytime 

photoperiod. Temperatures were typical for summer in the Pacific Northwest with 20-23°C day 

and 18-20°C night temperatures. Humidity was set to 68% and the light was at 500 µmol 

photons m-2 s-1. 

 The kale pot study experimental design tested seven treatments added to two soil types with 

four replicates of each treatment (N=56). The treatments used in each respective soil (Renton 

and Tacoma) were the following: anaerobically fermented food scrap bokashi, GroCo, Tagro 

Potting Soil, food scrap vermicompost, worm tea, inorganic fertilizer, and soil only control. 

 Kale (Brassica oleracea subsp. Acephala ‘Winterbor’) was grown from direct seed to maturity 

(52 days). Plants were arranged on greenhouse benches in a randomized complete block design 

and randomly re-arranged halfway through the study. In each pot (2-liter), three kale seeds 

were planted (1.3 cm depth). Germination emergence was recorded 1 and 2 weeks after 

planting. In pots without germination, another round of seeding was attempted and 

recorded. Kale plants were watered as needed. Plants were harvested at maturity at the stem 

(2.5 cm above the soil). The kale was stored in paper bags and dried at 55°C for a minimum of 

seven days for later nutrient analysis. 
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2.2.4 Swiss chard pot study 

Due to COVID-19 restrictions, a second pot study growing Swiss chard (Beta vulgaris subsp. 

vulgaris ‘Fordhook Giant’) was moved outdoors. The material in pots previously used in the kale 

greenhouse study was also used for this portion of the study. The four replicates for each soil 

and treatment combination were taken from the pots, combined, and homogenized. After 

homogenization, the mixtures were supplemented (approximately 25% by volume, fresh) with 

the previously reserved amendment soil mixture or control soil. The mixture of the combined 

soil from the kale study with the fresh material was redistributed into four replicate pots per 

treatment for the chard study. The inorganic fertilizer control received an additional 56 kg ha-1 

(0.4 g pot-1). The worm tea treatment from the kale pot study was excluded from this second 

part of the trial as we had no access to the tea during the COVID-19 related lockdown. The 

chard experiment had six treatments with four replicates in each of the two soils (N=48).  

The field location for the chard pot study was near Kingston, WA. During the study, in June and 

July, the total monthly precipitation was 19.1 and 7.1 mm, respectively. Average monthly air 

temperatures (°C) were 15.0 and 17.3 for June and July with ranges from 10-21 and 11-24, 

respectively. Daylight hours were approximately 16 (Ag Weather Net Map, 2021). The pot study 

was conducted in randomized blocks on a 1.2 x 15 m row covered with landscape fabric in an 

open field.  

Swiss chard was grown to maturity (56 days) from direct sow (June 2, 2020, to July 28, 2020). 

Three seeds were planted per pot. Emergence was recorded after 1 and 2 weeks. The second 

round of seeding was attempted in pots without germination. The chard seeds being a 

multigerm seed had very different rates of germination and required thinning to two plants per 

pot at 3 weeks. The chard pots were watered as needed. Swiss chard yield (g fresh pot-1) was 

determined by harvesting the plant at the stem (2.5 cm above the soil). Harvested chard was 

stored in paper bags and dried at 55°C for a minimum of seven days for later nutrient analysis. 

2.2.5 Soil analysis 

Amendments, control soils, and amended soil mixtures were air-dried for at least one week 

before being ground and sieved to < 2 mm for analysis. Samples were sent to Kansas State 

University Soils Testing Lab (Manhattan, KS) for total C and total N using 0.35 g for dry 
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combustion (LECO TruSpec CN combustion analyzer). Sample modifications (0.13-0.25 g) had to 

be made to measure Tagro and GroCo which had difficulty fitting into the required sample 

container size due to the low density of the material. Mehlich-III (M-III) extractable K, P, Mg, S, 

Fe, Mn, Cu, and Zn (mg kg-1) was measured via inductively coupled plasma mass spectrometry 

(ICP-MS) (Mehlich, 1984). All lab tests included random duplicates for quality assurance. Soil pH 

was tested in duplicate and EC were tested in triplicate using a portable meter (Milwaukee 2-in-

1 portable pH/EC meter MW 802, Rocky Mt, NC) in a 1:2 soil: water slurry at room temperature 

(25°C) after being suspended for one hour, then lightly stirred. The pH and EC of the 

amendments were tested using a 1:5 soil:water slurry (Gavlak et al., 2005). Soil analysis specific 

to the chard study was the final bulk density. Chard final bulk density was measured using the 

mass and volume of soil left in the pot. The volume was determined by marking the top of the 

soil at the appropriate height on the pot, removing the soil, lining the pot with a plastic bag, 

and filling it with water. The dry mass was determined by weighing the fresh soil and converting 

it to dry mass using the measured material total solids.  

Mineralizable carbon (min C) and permanganate oxidizable carbon (POXC) were evaluated on 

initial amended soil mixes. Min C was also evaluated on the amendments alone. Methods for 

both tests are described in detail below. Procedures for min C and POXC were adapted from 

Oregon State University Soil Health Laboratory in Corvallis, OR (Oregon State University, 2021) 

according to previous studies (Franzluebbers, 2016; Islam et al., 2003). Min C and POXC were 

conducted at the WSU Soil Health Lab located in the Northwestern Washington Research and 

Extension Center (Mt. Vernon, WA).   

2.2.5.1 Mineralizable carbon  

Min C samples were weighed in triplicate to 10 (± 0.01 g) and placed in a condiment container 

(60 mL) within a 1-liter glass jar. Each batch was run with check soils and blanks. The incubation 

(25 °C) was initiated by carefully adding deionized water (3 mL) to the surface of each sample. 

CO2 concentrations in the headspace after 24 hours were recorded using an LI-870 CO2/H2O gas 

analyzer (Li-Cor Lincoln, NE). The machine was warmed up (15 minutes) and calibrated using < 

2, 1,000, and 5,000 ppm gas standards attached to a flow regulator (1-L min-1). The machine 

records CO2 concentration every second. Readings for each sample were taken for over 90-
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second intervals. The last 30 seconds of the reading were averaged as a final point value for 

each sample. Raw CO2 concentrations were adjusted from the baseline (blanks) and calibrated 

to the standard curve from the known gas concentrations. CO2 values (ppm) were converted 

from a volume basis to a mass basis (mg CO2-C) using ideal gas law and the jar headspace 

volume. Lastly, values were converted to a daily rate per kg of air-dried soil. All samples with > 

15% coefficient of variance were re-analyzed. 

2.2.5.2 Permanganate oxidizable carbon 

In brief, POXC samples were weighed in duplicate to 2.50 (± 0.01 g) into polypropylene Falcon 

tubes (50 mL). In the tube with soil, deionized water (18 ml) was added followed by 2.0 mL of 

0.2 M potassium permanganate (KMnO4) stock solution. Samples were then shaken on a side-

to-side shaker (180 rpm for 2 minutes) and left to settle in the dark (10 minutes). After the 

reaction, 0.5 mL of supernatant was transferred to a ‘dilution tube’ of DI water while avoiding 

any organic matter particulates. Subsequently, two samples from the dilution tube are pipetted 

onto a 96-well plate. A stock solution of 0.2 M potassium permanganate (KMnO4) was used to 

prepare four standard solutions of concentrations 0.005 M, 0.01 M, 0.015 M, and 0.01 M that 

were also plated. Absorbance was analyzed using a spectrophotometer (Synergy LX Multi-Mode 

BioTek Instruments Inc., Winooski, VT) set at 550 nm to determine the amount of carbon that 

reacted with the KMnO4. Higher POXC reacts with more KMnO4 making a clearer solution. If the 

coefficient of variance between replicates was > 10% they were re-analyzed.  

2.2.6 Plant analysis 
Kale and chard yield was weighed immediately after harvest. Foliar mineral concentrations 

were analyzed once crops had dried at 55°C for a minimum of seven days and measured at King 

County Environmental Lab (KCEL; Seattle, WA). The method was slightly adapted from the U.S. 

EPA method 3050B with 2.5 mL nitric acid, 0.25 mL of 30% hydrogen peroxide, and 0.5 mL of 

hydrochloric acid to decrease the amount of sample required and reduce waste generation. 

Then the digestate was analyzed using ICP-MS according to the KCEL standard operating 

procedure (Sanders, 2019). When yield was limiting, samples from the same treatment were 

combined for mineral concentration analysis. Mineral concentrations were converted to a dry 

mass basis (mg kg-1 dry) prior to statistical analysis using leaf total solids. 
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2.2.7 Statistical analysis 

Statistical analysis was conducted using R statistical software (R Core Team, 2016). A two-way 

ANOVA was used to test the main effects and interaction of treatment and soil type for soil min 

C, POXC, crop yield, and foliar mineral concentrations. When an interaction effect or soil effect 

was found to be significant (p<0.05) the main treatment effects were analyzed separately for 

each soil type and interaction plots were investigated. Pairwise mean comparisons were 

analyzed using Tukey HSD post hoc analysis. ANOVA assumptions were for normality and 

homogeneity of variance were tested using Shapiro Wilks test and Levene’s test, respectively. 

Transformations (square, square root, and log10) were applied to the data as needed.  

Principal component analysis (PCA) was conducted in R using the packages vegan (Okasanene 

et al., 2020) and factoMineR (Sebastien et al., 2008). A PCA was conducted using only the plant 

response data for each crop individually. This was because the kale and chard yield and 

nutritional density data satisfied the rule of thumb (observations > 3 * attribute variables), but 

the soil data had too few observations. The data were transformed as needed and 

standardization was not required because the PCA used a correlation matrix. The number of 

principal component axes with maximal and significant variation explained for the original data 

were selected to create unconstrained ordination plots for each crop. Scree plots and pseudo-F 

values from 1,000 random permutations were used to test the significance of the selected 

principal component axes. 

2.3 Results  

2.3.1 Control soils, amendment, and amended soil mixture analysis 

2.3.1.1 Control soils 

The two control soils used in this study (referred to as Renton and Tacoma) are representative 

of urban soils. The Tacoma soil is unclassified and was collected from landscaped and bare 

areas within the treatment plant. It may have been a remnant subsoil from treatment plant 

construction. The texture of the Tacoma soil was loamy sand (74 g kg-1 sand, 16 g kg-1 silt, and 

10 g kg-1 clay). The Renton soil was collected from an area that is used as a demonstration farm 

within the Renton Wastewater treatment plant. It is classified as a part of the Woodinville 

series; Fine-silty, mixed, superactive, nonacid, mesic Aeric Fluvaquents. The soil was collected 
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from a heavily grassed area. The texture of the Renton soil was a sandy loam (54 sand g kg-1, 32 

silt g kg-1, and 14 clay g kg-1) according to data from an unpublished field study of the same 

soils. Neither soil had any evidence of contamination.   

2.3.1.1.1 Chemical properties: control soils 

Chemical soil properties were in acceptable ranges for crop growth. The pH, electrical 

conductivity (EC), total C, total N, and C:N ratio for both control soils can be found in Table 2.2. 

Total C (2.46% and 4.50% for Renton and Tacoma, respectively) were slightly higher than the 

typical range of 0.5-2.5% found in most arable mineral soils (Pribyl, 2010). Total N for both soils 

(0.21% and 0.26% for Renton and Tacoma, respectively) were within the typical range from 

0.02-0.5% for mineral soils (Havlin, 1999). The C:N ratio was within the common range for 

mineral soils 8 – 15 (Weil & Brady, 2017) for the Renton soil (12), but slightly higher for the 

Tacoma soil (18). 

The pH for both control soils (5.90 ± 0.06 Renton and 5.23 ± 0.11 Tacoma) were within 

acceptable ranges for crop growth (5.5-7.0) (Weil & Brady, 2017). The EC1:2 was also low for 

both soils (0.23 ± 0.03 Renton and 0.07 ± 0.02 Tacoma dS m-1) and below levels of soluble salt 

that would be detrimental to crop growth (EC1:2 < 2.4 dS m-1 ) (Miller & Horneck, 2013).  

Mehlich-III extractable nutrients  

The plant-available nutrients from Mehlich-III (M-III) extraction for both control soils are shown 

in Table 2.3. Initial M-III extractable nutrients for K, P, Mg, Cu, and Zn appeared to be different 

between both soils, while concentrations of M-III extractable Fe, Mn, and S were closer to one 

another. The Tacoma soil had higher M-III extractable Cu, P, and Zn, while the Renton soil had 

higher K and Mg. The Tacoma soil had nearly 3x’s the level of Cu and nearly 7x’s the 

concentration of Zn compared to the Renton soil. The Tacoma soil had M-III extractable P that 

was an order of magnitude higher compared to the Renton soil (109 vs. 1,059 mg kg-1 P). The 

Renton soil had approximately 3x’s the level of M-III extractable K and Mg than the Tacoma 

control. Higher K and Mg in the Renton soil may have been from a higher cation exchange 

capacity (CEC) than the Tacoma control (28.1 vs. 13.0 cmolc kg-1) (unpublished data). The 
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Tacoma soil had CEC consistent with values for dark-colored sand (10-20 cmolc kg-1). The 

Renton soil CEC was consistent for a fine-textured, silt loam (15-25 cmolc kg-1) (Havlin, 1999). 

Total metals 

The total metals from EPA 3050B extraction (USEPA, 1996) for the control soils were measured 

in the field study (unpublished). While there appear to be some differences between the two 

soils, concentrations of all measured elements are well within reported ranges for soils in the 

U.S. (Burt et al., 2003).  

2.3.1.1.2 Biological properties: control soils 

Permanganate oxidizable carbon (POXC) and mineralizable carbon (min C) are shown in Table 

2.8. POXC and min C represent active carbon pools but are considered functionally different as 

representative of SOM stabilization and mineralization, respectively (Hurisso et al., 2016). Min C 

varied by soil, treatment, and soil*treatment interaction (p<0.001) and was higher in the 

Renton soil vs. the Tacoma soil (98 ± 5 vs. 84 ± 9 mg CO2-C kg-1 day-1). POXC varied by treatment 

(p<0.001) and soil*treatment interaction (p<0.05). The baseline POXC values for Renton vs. 

Tacoma soil were 663 ± 10 vs. 552 ± 28 mg kg-1, respectively. POXC and min C the interaction 

effect meant that each soil was analyzed separately. Our control soil POXC values were similar 

to the mean (504 mg kg-1) from a large number of soils (n=1,833) (Wade et al., 2020). Our 

control soil min C values were within the mean min C values found from 13 agricultural sites 

across the U.S. that had varied agricultural management and ranged from 46 ± 32 to 1,029 ± 

511 mg C kg-1 (Hurisso et al., 2016). 

2.3.1.1.3 Physical properties: control soils 

The two control soils had low initial bulk density. The bulk density of the Renton soil was slightly 

lower than the Tacoma soil (0.62 vs. 0.82 g cm-3, respectively). The control soils had lower bulk 

density values compared to typical arable surface soils (approx. 1.2 g cm-3) (Weil & Brady, 

2017). Note that in this study the bulk density may be slightly underestimated relative to results 

from the field study due to methodological differences.  
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2.3.1.2 Characteristics of the amendments 

2.3.1.2.1 Chemical characteristics 

Total C  

Total carbon in the amendments ranged from 28.3% (vermicompost) to 41.8% (GroCo). 

Biosolids-based and food scrap-based amendments had consistent values with those found in 

the literature. In our study, GroCo had a very similar total C (41.8%) compared to previous 

research (McIvor et al., 2012b). In Batjiaka and Brown (2020) Tagro Potting Soil had a total C 

(20.3 ± 0.61%) which was lower than the total C in our study (31.0%). The vermicompost in our 

study had total carbon (28.3%) close to the range found in a review (25.4-27.5% total C) (Singh 

et al., 2011). Our bokashi (40.5% total C) was similar to the values reported for food scrap-

based anaerobic bokashi (81.4-84.3% organic matter) (Christel, 2017).  

Total N 

Amendment total N was high and ranged from 1.13% (Tagro) to 3.76% (bokashi). Total N for 

biosolid amendments were consistent with previous research (Batjiaka & Brown, 2020; McIvor, 

2011) and reported product information (King County, 2021). In our study, GroCo had a very 

similar total N (1.23%) compared to previous research (McIvor et al., 2012b). In Batjiaka and 

Brown (2020) the total N in Tagro Potting Soil (1.16 ± 0.02%) was consistent with the results in 

our study (1.13%). The total N in the vermicompost in our study (2.69%) was close to the range 

found in a review (1.2-1.6%) (Singh et al., 2011). Our bokashi (3.76%) had a similar total N to 

values reported previously for food-based anaerobic bokashi (2.45-3.45%) (Christel, 2017).  

C:N ratio 

Food-based amendments had low C:N ratios (11 vermicompost; 11 bokashi) while biosolids-

based amendments had high C:N ratios (28 Tagro; 34 GroCo). The high C:N ratio for GroCo was 

similar to the reported product information (King County, 2021). The C:N ratio in our study for 

Tagro Potting Soil (28) was higher than previously reported (Batjiaka & Brown, 2020; Krucker et 

al., 2010). In Batjiaka & Brown (2020), Tagro Potting Soil had a C:N ratio of 17.5, and in Krucker 

et al., (2010) the C:N ratio was 14. This could indicate nitrogen loss from the material, but due 

to the low pH, volatilization was not likely. The C:N in the biosolids mixes can be controlled by 

adding more or less high C materials.   
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The C:N ratio for the bokashi (11) was consistent with values of anaerobic food scrap-based 

bokashi (Christel, 2017; Olle, 2020). The C:N ratio of our vermicompost (11) was lower than the 

range (15-18) found in a review by Singh et al., (2011), but higher than the C:N of 9.8 found in 

Epelde et al., (2018) for vermicompost made from 1:1 manure:straw (by volume). 

The C:N ratio of an amendment can impact plant-available N (PAN) depending on the 

amendment material composition. Amendments with C:N ratio > 20 could immobilize soil N 

(Havlin, 1999). None of the amendments in the plant growth trial indicated that N 

immobilization was an issue for crop growth. As C:N ratio decreases, PAN typically increases, 

but this depends on the amendment and can be highly variable for materials with C:N ratio < 15 

(Gale et al., 2006). Higher C:N ratios are frequently indicative of lower PAN, however, if the C is 

recalcitrant that may not be the case. Food waste-based amendments had a lower C:N ratio 

than biosolids-based amendments, likely from higher total N.  

pH and electrical conductivity (EC) 

All amendments were acidic (4.20-4.51) with the exception of vermicompost (6.57 ± 0.07) 

which is typically alkaline. The pH values in our study for GroCo (4.51 ± 0.08) and Tagro (4.20 ± 

0.16) were more acidic than reported in the product information for GroCo (6.8) (King County, 

2021) and Tagro (6.7) (TAGRO Potting Soil, 2020). Previous studies have reported pH values 

closer to the product information (Hummel et al., McIvor et al). The measured pH of the 

bokashi (4.49 ± 0.08) was similar to previous results for anaerobic food scrap-based bokashi 

(4.2 and 4.5) (Christel, 2017). Bokashi is a fermentation process, and an acidic pH is expected. 

However, there is a wide range for pH (4.2-8.8) in bokashi that depends on the feedstock and 

process (Quiroz & Céspedes, 2019).  

The electrical conductivity (EC; dS m-1) of the amendments was very different. Measured EC1:5 

values for bokashi (8.61 ± 0.23) and Tagro (6.84 ± 0.07) were high in comparison to the rest of 

the amendments and the control soils. The measured EC1:5 for GroCo (2.11 ± 0.04 dS m-1) was 

identical to the value reported in Krucker et al. (2010). Vermicompost had a relatively low EC 

(0.23 ± 0.03) compared to the other amendments which are consistent with Libutti et al., 

(2020). The EC in the bokashi in our study was higher than previous anaerobic food waste 
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bokashi (5 dS m-1) but within a wide range (4.2-21.2 dS m-1) for many different types (Quiroz & 

Céspedes, 2019). Previously reported EC for both Tagro and GroCo have varied. In a pot study 

the EC1:5 for Tagro and GroCo were similar (1.0 and 0.5 dS m-1) (Hummel et al., 2014). 

Differences in reported EC may be due to the amount of time the material had been left 

outdoors and exposed to rainfall prior to use. For this study, the EC of the material likely 

decreased during the growth trial due to thorough watering in the greenhouse.  

In a recent study by Batjiaka and Brown (2020), the ideal ranges for suitable residuals-based soil 

blends were determined as the following: pH 5.5-8.5 and EC1:5 < 5 dS m-1. For select 

amendments, slight deviations for the suggested ranges in pH and EC would suggest they may 

be problematic for plant growth. For example, most of the amendments were slightly acidic 

according to the acceptable range for plant growth (5.0-8.0) (Weil & Brady, 2017), with the 

exception of vermicompost. Bokashi and Tagro had greater EC1:5 than the acceptable limit for 

plant growth (< 5 dS m-1) (Weil & Brady, 2017). However, amendments were beneficial to plant 

response in our study, and any issues with soluble salts were likely not a problem by the end of 

the study due to leaching from irrigation. 

Mehlich-III extractable nutrients 

Mehlich-III (M-III) extractable nutrients for amendments and control soils are shown in Table 

2.3. The M-III extract has been used as a general measure of plant-available nutrients 

(Antonious et al., 2014; Basta et al., 2016; Brown & Cotton, 2011).  

In general, amendments had high amounts of M-III extractable K, Mg, and S in comparison to 

both the control soils. Nutrient content for M-III extractable P and Zn were high for all 

amendments relative to the Renton soil only. Select amendments had higher M-III 

concentrations than the Tacoma soil which had high initial P and Zn concentrations; GroCo and 

bokashi had higher P and biosolids-amendments had higher Zn. M-III extractable K was higher 

in food scrap-based amendments (6,365 Bokashi; 6,384; vermicompost) than biosolids-based 

amendments (GroCo and Tagro; 1,431 and 1,351 mg kg-1, respectively). 

Biosolids-based amendments tended to have high M-III Fe, Mn, and Zn compared to food-based 

amendments and higher Mn and Zn compared to both control soils. Food scrap-based 
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amendments increased Zn (mg kg-1) (33 – 43) compared to the Renton soil (9), but not the 

Tacoma soil (58) and had less of an effect compared to biosolids-based amendments (108 to 

109). Vermicompost, in particular, had low M-III extractable Cu, Fe, and Mn, relative to control 

soils and the other amendments, except for Mn which was also low in the bokashi. The bokashi 

and vermicompost are identical food scrap materials that are reflected in the similar plant-

available nutrients for K, Mg, Mn, and Zn. However, bokashi had select available nutrients (mg 

kg-1) that were higher vs. vermicompost for P (3,367 vs. 1,877), S (754 vs. 564), Cu (8.6 vs. 3.1), 

and Fe (138 vs. 53). 

Select amendments had different nutrient compositions. For the amendments included in this 

trial, Tagro had higher available S and Cu compared to the other amendments; S (Tagro 1,052 

vs. 564 to 772 mg kg-1), and Cu (Tagro 14.8 vs. 3.1 to 8.6 mg kg-1). Meanwhile, GroCo had high 

Mg (2,334 mg kg-1) and P (4,149 mg kg-1) in particular. The M-III extractable P in bokashi (3,367 

mg kg-1) was higher than expected relative to biosolids-based material Tagro (1,556 mg kg-1) 

and vermicompost (1,877 mg kg-1). 

Previous results showed biosolids had higher concentrations of M-III extractable Ca, P, and Zn 

and lower M-III K than unamended soil (Antonious et al., 2014). When applied biosolids 

amendments may require additional K fertilization depending on the crop (Badzmierowski et 

al., 2020), but this was not necessary for our study. 

2.3.1.2.2 Biological characteristics 

The two measures were used to indirectly evaluate soil biological activity in this study were 

mineralizable carbon (min C) and permanganate oxidizable carbon (POXC). Amendments could 

only be tested for min C due to high levels of organic matter which prevented POXC. In this 

study min C was primarily used to evaluate soil biological activity with higher values used as a 

surrogate measure for microbial biomass, available C, and N mineralization (Franzluebbers, 

2016). Min C tests heterotrophic respiration after the rewetting of air-dried soil.  

When used on our amendments, min C is similar to methods used to evaluate compost stability 

CO2 respiration (U.S. Composting Council, 2001). Stability here refers to the state of organic 

matter decomposition. In the context of amendment stability evaluation, a lower rate of 



 

54 
 

respiration is considered to be an indication of a mature material that will be suitable for use as 

a soil amendment. Higher values can be indicative of highly reactive amendments (Batjiaka and 

Brown, 2020) which typically is restrictive for the best use of the product and indicates 

potential phytotoxicity from compounds produced during continued decomposition.  

A standard method to test compost CO2 respiration is the NaOH trap method which is outlined 

in the Test Methods for Examination of Composting and Composts (TMECC) (U.S. Composting 

Council, 2001). Results are reported in mg CO2-C g OM-1 day-1 or mg CO2-C g TS-1 day-1 with 

values < 8 or between 2-4 considered stable for each unit, respectively) (U.S. Composting 

Council, 2001). The absolute values from these methods should be comparable (Wade et al., 

2018) but it is important to realize that sample pre-processing, preincubation, and moisture 

adjustment can be highly influential on CO2 respiration results for either min C or other 

acceptable methods (U.S. Composting Council, 2001; Wade et al., 2018).  

Amendment min C values (mg CO2-C kg-1 day-1) were significantly different (p<0.05) from the 

control soils (98 ± 5 Renton; 85 ± 9 Tacoma) (Table 2.4). The control soils had higher min C than 

the amendments, with the exception of vermicompost. Min C ranged from (16 ± 3) bokashi to 

(238 ± 19) vermicompost, with intermediate values for the biosolids-based amendments (51 ± 2 

GroCo and 44 ± 1 Tagro).  

There are reasons to believe that the biosolids-amendments were stable. Tagro Potting Soil is a 

successfully bagged commercial product which indicates they are likely stable. In a previous 

study, Tagro Potting Soil has been demonstrated as stable (1.10 mg CO2-C g TS-1 day-1) according 

to a NaOH trap method (Batjiaka & Brown, 2020).  

It is unclear why the bokashi amendment had the lowest min C. As a fermented product that is 

semi-stabilized with a shorter process duration (Olle, 2020), we would have expected the 

bokashi to evolve the highest rate of CO2. Typically, aerobic compost that is composted for less 

time has a higher CO2 evolution rate and is less stable (Griffin and Hutchinson, 2007). In a 10-

day lab incubation in sandy loam soil, found that 51-day compost had higher respiration rates 

than 109-day compost (35 and 15 mg CO2-C g TS-1 day-1, respectively) via the NaOH trap 

method.  
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2.3.1.2.3 Physical characteristics 

All amendments had low bulk density (g cm-3) that ranged from 0.13 (GroCo) to 0.22 (Tagro) 

(Table 2.2). These values were much lower than the bulk density of the control soils (0.70 and 

0.82, Renton and Tacoma, respectively). In a pot study that used Tagro Potting Soil the reported 

bulk density was 0.28 g cm-3 (Batjiaka & Brown, 2020), which was similar to our findings. The 

bokashi in our study had a lower measured bulk density (0.18 g cm-3) than found in farm-based 

bokashi (0.46 g cm-3) (Quiroz & Céspedes, 2019), but physical properties are likely highly 

variable between different types of bokashi.  
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Table 2.2 Physicochemical properties of amendments and control soils. 

Amendment 
or control 

Bulk 
density 

Total N Total C C:N ratio pH1:5 EC1:5 

 g cm-3 %    dS m-1 

Renton soil 0.67 0.21 2.46 12.0 5.90 ± 0.06 0.23 ± 0.03 

Tacoma soil 0.82 0.26 4.50 17.7 5.23 ± 0.11 0.07 ± 0.02 

Bokashi 0.18 3.76 40.51 10.8 4.49 ± 0.08 8.61 ± 0.23 

GroCo 0.13 1.23 41.77 34.1 4.51 ± 0.08 2.11 ± 0.04 

Tagro 0.22 1.13 30.95 27.5 4.20 ± 0.16 6.84 ± 0.07 

Vermicompost 0.21 2.69 28.32 10.5 6.57 ± 0.07 0.23 ± 0.03 

*C:N ratio = total C divided by total N. Bulk density is dry mass over volume. Control soils have a 
grey background. pH1:5 and EC1:5 mean (n=3) ± standard deviation.
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Table 2.3 Mehlich-III extractable nutrients (K, Mg, P, S, Cu, Fe, Mn, and Zn; mg kg-1 dry) for amendments and control soils. 

*Control soils are in grey.

Amendment 
or control 

K Mg P S Cu Fe Mn Zn 

 mg kg-1 

Renton soil 389  359  109 39  9.7  385 31.5  8.6 

Tacoma soil 117  128  1,059  45 27.1  449  32.4 58.2 

Bokashi 6,365 1,008 3,367 754 8.6 138 23.8 33.4 

GroCo 1,431 2,334 4,149 772 8.1 441 149.5 107.6 

Tagro 1,351 1,288 1,545 1,052 14.8 399 89.4 108.6 

Vermicompost 6,384 1,396 1,877 564 3.1 53 21.0 42.9 
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Table 2.4 Mineralizable carbon (min C; mg CO2-C kg-1 day-1) for the amendments and control 
soils. 

Amendment or control Min C 

 mg CO2-C kg-1 day-1 

Renton soil 98 ± 5 c 

Tacoma soil 85 ± 9 c 

Bokashi 16 ± 3 a 

GroCo 51 ± 2 b 

Tagro 44 ± 1 b 

Vermicompost 239 ± 19 d 

*Letters that are not shared in the column indicate differences according to Tukey HSD pairwise 
mean comparison (p<0.05). Control soils are in grey. 

 

2.3.1.3 Amended soil mixtures 

2.3.1.3.1 Chemical properties 

Total C 

Amendments increased soil total C in both control soils (Table 2.5). In general, vermicompost 

and GroCo increased total C more than Tagro and bokashi. Control soils had different baseline 

levels of total C (Renton 2.5%; Tacoma 4.5%) but the increases from amendments were 

generally similar across the two soils. One exception was that vermicompost addition resulted 

in a more pronounced increase in total C in the Renton vs. the Tacoma soil (19.9% vs.11.3%). 

Increases were similar in magnitude to both soils from additions of Tagro (7.9% Renton; 9.3% 

Tacoma) and bokashi (4.6% Renton; 7.0% Tacoma). The highest increase was from amendments 

in the Renton soil (2.5%) was from vermicompost (19.9%) while the highest increase in the 

Tacoma soil (4.5%) was from GroCo (17.4%). In both soils, the lowest increase in total C was 

from bokashi. 
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Previous work has shown that adding high nutrient organic amendments can increase long-

term SOM storage compared to low C plant residues, especially for amendments high in total P 

and total S, as is the case for biosolids (Wuest & Reardon, 2016). The observed increases here 

would likely decrease in magnitude over time in a field application. However, previous studies 

have shown persistent increases relative to conventionally managed soils (Brown et al., 2012). 

If additional amendments were added annually— as was done in the field component of this 

study, it higher soil C would likely persist over time.  

Total N 

Amendments increased total N compared to the control soils (0.21% and 0.26%, Renton and 

Tacoma, respectively) (Table 2.5). In both soils, the treatment effect was similar with the 

exception of vermicompost amendments in the Renton soil, with had a more pronounced 

effect. In the Renton soil, increases in total N ranged from 0.44% (Tagro) to 1.60% 

(vermicompost). In the Tacoma soil, increases in total N ranged from 0.48% (Tagro) to 0.78% 

(vermicompost). In both soils, total N increased the least from additions of Tagro and increased 

the most from additions of vermicompost. Total N increased similarly in soils amended with 

GroCo (0.63% Renton and 0.69% Tacoma) and bokashi (0.56% Renton and 0.69% Tacoma, 

respectively). 

C:N ratio 

In both soils, Tagro and GroCo increased the soil C:N ratio, and bokashi and vermicompost 

decreased the soil C:N ratio. The C:N ratio in the Renton soil (12.0) decreased from bokashi 

(8.2) and vermicompost (12.5) and increased from Tagro (18.1) and GroCo (22.2). The C:N ratio 

in the Tacoma soil (17.2) decreased to 10.1 (bokashi) and 14.4 (vermicompost) and increased to 

19.5 (Tagro) and 25.4 (GroCo). Changes to soil C:N ratio was consistent with the measured 

amendment C:N ratio which was higher in biosolids-amendments and lower in food scrap-

based amendments. 

pH and electrical conductivity (EC) 

Amendment additions change the pH in both of the control soils (5.90 ± 0.06 and 5.23 ± 0.11, 

Renton and Tacoma, respectively) (Table 2.5). These changes were generally consistent with 
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the amendment pH values. Adding vermicompost and bokashi increased pH in both soils. 

Adding the biosolids-based products decreased pH in both soils. For example, vermicompost 

addition increased soil pH (6.41 ± 0.04 and 6.01 ± 0.16 in Renton and Tacoma soils, 

respectively). Soil pH decreased from the addition of GroCo (5.19 ± 0.16 Renton; 4.76 ± 0.13 

Tacoma) and Tagro (4.86 ± 0.06 Renton; 5.09 ± 0.65 Tacoma). The exception to this pattern was 

seen with the bokashi amendment. Bokashi addition increased soil pH (7.59 ± 0.5 Renton; 6.72 

± 0.23 Tacoma) even though the amendment was acidic. Bokashi is a product of anaerobic 

fermentation and potentially still retained products of high energy (Weil & Brady, 2017). 

Bokashi is semi-stabilized (Quiroz & Céspedes, 2019) and continued decomposition in an 

aerobic environment may have caused the observed increase in pH (Weil & Brady, 2017).   

Mehlich-III extractable nutrients 

The Mehlich-III (M-III) extraction was used to estimate plant-available nutrients of the amended 

soils (Table 2.6). Some M-III extractable nutrients (K, Mg, and S) were higher in the Renton soil 

while others (P, Cu, Fe, and Zn) were higher in the Tacoma soil. When applied to meet the N 

levels for a crop, the high nutrient content of food-based and biosolids-based amendments 

would be expected to meet nutrient at most of the nutrient needs for K, Mg, P, S, Cu, Fe, Mn, 

and Zn (Alvarez-Campos et al., 2018; Brown & Cotton, 2011; Kelley et al., 2020). Both soil types 

had medium to high levels of M-III extractable Cu, Fe, Mn, and Zn (Zbíral, 2016). M-III 

extractable nutrients varied by soil type and amendment, but certain trends were identifiable.  

All amendments increased M-III K (mg kg-1) compared to both soils (389 and 117; Renton and 

Tacoma, respectively) and the increases appeared to be higher in the Renton soil than the 

Tacoma soil. Larger increases in M-III extractable K were from vermicompost (2,650 and 1,801 

in Renton and Tacoma, respectively) and bokashi (2,094 and 1,655 in Renton and Tacoma, 

respectively) than from biosolids amendments which also increased M-III K.  

All amendments increased M-III Mg (mg kg-1) compared to the Renton (359) and Tacoma soil 

(128), with larger increases in the Renton soil. In both soils, M-III Mg increased the most from 

GroCo and vermicompost with respective increases to 864 and 827 in the Renton soil and 384 

and 415 in the Tacoma soil. To a lesser extent, bokashi and Tagro also increased M-III Mg.  
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In general, all amendments increased M-III extractable P (mg kg-1). Amendments had much 

larger effects on M-III P in the Renton soil than the Tacoma soil due to lower initial amounts 

(109 Renton; 1,059 Tacoma). In both soils, effects to M-III P were higher from GroCo, followed 

by vermicompost, and then Tagro amendments. In the Renton soil, GroCo had a very large 

increase (1,244), followed by vermicompost (748), Tagro (505), and then bokashi (307). These 

trends were similar in the Tacoma soil but lower in magnitude, with the exception of bokashi 

which decreased M-III P from 1,059 to 822 in the Tacoma soil. 

All amendments increased M-III extractable S (mg kg-1) compared to Renton (39) and Tacoma 

(45). The increases were higher in the Renton soil compared to the Tacoma soil. Vermicompost, 

Tagro, and GroCo had similar positive effects on extractable S in each soil, but larger increases 

in the Renton soil (232, 245, and 233, respectively) than the Tacoma soil (157, 158, and 148, 

respectively). 

Amendments generally reduced M-III extractable Cu with the most pronounced effects in the 

Tacoma soil. This was likely because the Tacoma soil had higher extractable Cu than the Renton 

soil (27.1 Tacoma; 9.7 Renton).  

Amendments had different impacts on M-III extractable Mn (mg kg-1) with increases from 

Bokashi, GroCo, and Tagro and a decrease from vermicompost in both soils. The magnitude of 

the effects from amendments was similar in both control soils which also had similar baseline 

M-III Mn (31.5 and 32.4, Renton and Tacoma, respectively). One exception was the large 

increase from bokashi in the Renton soil from 31.5 to 122.5 compared to 32.4 to 70.9 in the 

Tacoma soil. 

Amendments had different impacts on M-III Fe (mg kg-1). Food waste-based amendments 

decreased extractable Fe in both control soils, with larger effects from vermicompost relative to 

bokashi. Biosolids-based amendments increased soil Fe in the Renton soil only, likely from the 

lower concentration of Fe in the Renton soil vs. the Tacoma soil (449.1 vs. 385.3). M-III Fe (mg 

kg-1) increased in the Renton soil from 385 to 428 from Tagro and 480 from GroCo. There were 

no comparable changes in the Tacoma soil.  
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Biosolids-based amendments increased M-III Zn in both soils while all amendments increased 

soil M-III extractable Zn (mg kg-1) in the Renton soil only. These effects were likely from the high 

baseline M-III Zn the Tacoma soil (58.2) compared to the Renton soil (8.6). In the Renton soil, 

GroCo (48.7) had a large effect relative to the increases from the other amendments which 

ranged from 23.9 (vermicompost) to 27.1 (bokashi). In the Tacoma soil, biosolids-based 

amendments Tagro and GroCo increased M-III Zn (63.2 and 73.1, respectively). 

2.3.1.3.2 Biological properties 

The active pool of SOM typically represents a very small (5-20%) but highly influential fraction 

of the total (Weil & Brady, 2017). We used two methods to measure the active carbon fraction: 

POXC and min C. Min C is approximately 1-3% and POXC is about 1-4% of SOC (Hurisso et al., 

2016). While indicating a biologically relevant soil process, POXC is a chemical method that 

oxidizes carbon. POXC is designed to measure a relatively processed portion of active C. Min C 

is designed to indirectly measure microbiological activity via CO2 respiration from aerobic 

heterotrophic organisms. For both procedures, higher values are interpreted as indications of 

improved soil biological health. A high min C value means high nutrient release from SOM 

mineralization. A high POXC value means potential indications of SOM stabilization. Both 

indicators when used in combination may better assess SOM dynamics than each individually. A 

review of studies found that the results of the two measures do not always mirror each other 

even when conducted on the same soils. However, some of the sites that had higher SOC had 

close correlations between the two measures (Hurisso et al., 2016).  

Mineralizable carbon (min C) 

Mineralizable carbon varied by treatment, soil type, and interaction effects (p<0.001). 

Therefore, the min C in the Renton vs. Tacoma soil (98 ± 5 vs. 85 ± 9 mg CO2-C kg-1 day-1) were 

analyzed separately (Table 2.8). Bokashi, vermicompost, and GroCo increased min C 

significantly (p<0.05) relative to controls in both soils (Figure 2.1). In the Renton soil, the 

increase was very pronounced for the addition of bokashi (811 ± 36), followed by intermediate 

effects from vermicompost (288 ± 17) and GroCo (144 ± 17) (Table 2.8). A similar pattern was 

seen for increases in the Tacoma soil. Tagro had a notably different impact compared to the 

other amendments. In the Tacoma soil, the reduction in min C from Tagro (54 ± 8) was 
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significant (p<0.05) compared to the control. In the Renton soil, Tagro (79 ± 6) also decreased 

min C, but the effect was not significant. 

The high value for min C in the bokashi amended soils suggests it may be an outlier. However, 

very high increases have also been reported in the literature. A review by Hurriso et al., (2016) 

reported an increase in min C from 354 to 1,184 mg C kg-1 in an Ohio urban garden following 

compost addition (Hurriso et al., 2016). While an outlier in our study, the magnitude of the 

increase we saw in bokashi was closer to the large effects from amendment addition in the 

urban garden study. The control soils in our study were much lower, but bokashi and 

vermicompost demonstrated the large effects closer to the results seen in the urban garden 

study.  

Measured changes to min C from the GroCo amendments in our study were lower in magnitude 

and closer to the changes in agronomic sites reported from the same review (Hurriso et al., 

2016). In an organic tomato system, amendments increased min C (mg kg-1 soil) from 359 to 

462 and 462 for compost and manure, respectively. At Russel Ranch, a research farm in 

California compost and cover crops increased min C from 69 in a minerally fertilized control to 

89.  

Permanganate oxidizable carbon (POXC) 

POXC varied by treatment (p<0.001) and soil*treatment interaction (p<0.05). The effect on 

POXC from treatments depends on soil type and therefore results were analyzed separately 

(Table 2.7). The differences in POXC between treatments were significant in the Renton soil but 

not the Tacoma soil (Figure 2.1). The increases were the highest from GroCo and 

vermicompost. In the Renton soil, amendments significantly (p<0.05) increased POXC (mg kg-1 

soil) relative to the control (663 ± 10). POXC increases were significantly higher from GroCo 

(1,231 ± 21) and vermicompost (1,118 ± 87) amendments than Tagro (849 ± 10) and bokashi 

(915 ± 3). Amendment additions did not have significant effects on POXC values in the Tacoma 

soil (522 ± 28) although they showed increasing trends. 

The results from our study are within the range of values previously reported for a review of 

POXC from a variety of agronomic sites (87 to 1450 mg kg-1 soil) (Hurisso et al., 2016). In the 
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review, an urban garden and crop-pasture site had higher POXC values compared to a variety of 

agricultural systems. The mean POXC (mg kg-1 soil) across treatments in an urban garden was 

803 ± 375 with a range from 142 to 1,257. The POXC in the control soil (172) was much lower 

than the control soils in our study, but the values for amended soils from compost, compost + 

biochar, and compost + cover crop (913, 1,041, and 913, respectively) were close to the range 

of POXC values from amendments we saw in the Renton soil and slightly higher than the 

Tacoma soil. That being said, because of the high POXC in our control soils, the magnitude of 

the increases in our study as a result of amendments were much lower. Our results are closer 

to findings from agronomic sites in the same review.  

In an organic tomato system, compost and manure additions increased POXC from 557 in an 

unamended control to 498 and 615 for compost and manure, respectively. At Russel Ranch, 

POXC increased from 450 in a mineral fertilized control to 507 from compost and cover crop 

additions (Hurisso et al., 2016). Our study had measured POXC closer to the control soil values 

in these systems. However, we observed changes in POXC from amendments were much larger 

in magnitude compared to these agronomic systems. 

2.3.1.3.3 Physical properties 

Bulk density 

In general, amendments reduced the initial soil bulk density compared to the control soils (0.70 

and 0.82, Renton and Tacoma) immediately following amendment addition (Table 2.5). The 

reduction in bulk density was the most pronounced of all amendments in the Tacoma soil. Of 

the amendments tested, the largest decreases in bulk density (g cm-3) were observed following 

GroCo addition (0.22 Renton; 0.23 Tacoma). The impacts from vermicompost and Tagro were 

less than GroCo. Bokashi showed the lowest reduction soil bulk density (0.44 Renton; 0.50 

Tacoma) compared to the other amendments. 

Bulk density was also measured at the end of the trial. Throughout the experiment, the soil in 

pots tended to increase bulk density. The final bulk density from amended soils remained lower 

than the control soils and was generally consistent with initial amendment effects. Adding 

fertilizer did not change the bulk density compared to the control soils or over time. Increases 
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in SOC from organic amendments across a variety of soil types have been demonstrated to be 

highly significant and related (r2 =0.69) to percent reduction in bulk density (Khaleel et al., 

1981). In an urban soil, Tagro and GroCo decreased (p<0.05) bulk density (g cm-3) compared to 

the unamended control soil from 1.07 to 0.77 (Tagro) and 0.51 (GroCo) (McIvor et al., 2012). 

These results are consistent with the observed decreases in our study.



 

66 
 

Table 2.5 Initial amended soil mixes and control soil physicochemical properties (bulk density, total N, total C, C:N, pH, and EC). Final 
bulk density of amended soil mixes and control soils after kale and chard growth. 

 Bulk Density Total N Total C C:N pH1:2 EC1:2 

 

Kale 
initial 

Kale final (Swiss 
chard initial) 

Swiss 
chard final 

     
 g cm-3  % ratio  dS m-1 

R Control 0.70 0.72 1.02 0.21 2.5 12 5.90 ± 0.06 0.23 ± 0.03 

R Fertilizer 0.70 0.71 0.94      

R Bokashi 0.44 0.69 1.00 0.56 4.6 8 7.59 ± 0.50 0.38 ± 0.01 

R GroCo 0.22 0.44 0.60 0.63 14.0 22 5.19 ± 0.16 0.78 ± 0.02 

R Tagro 0.34 0.60 0.78 0.44 7.9 18 4.86 ± 0.06 1.18 ± 0.04 

R Vermicompost 0.31 0.53 0.68 1.60 19.9 13 6.41 ± 0.04 0.25 ± 0.09 

T Control 0.82 0.72 0.91 0.26 4.5 18 5.23 ± 0.11 0.07 ± 0.02 

T Fertilizer 0.82 0.76 1.04      

T Bokashi 0.50 0.58 0.84 0.69 7.0 10 6.72 ± 0.23 0.25 ± 0.08 

T GroCo 0.23 0.35 0.51 0.69 17.4 25 4.76 ± 0.13 0.25 ± 0.01 

T Tagro 0.35 0.57 0.69 0.48 9.3 20 5.09 ± 0.65 0.72 ± 0.06 

T Vermicompost 0.32 0.57 0.63 0.78 11.3 14 6.01 ± 0.16 0.45 ± 0.04 

*R=Renton and T=Tacoma soil types. Kale initial bulk density was calculated from amendment dry mass additions of 1.17 kg divided 
by the actual volume of addition. C:N=total C divided by total N. EC=electrical conductivity. pH1:2 and EC1:2 is presented as mean 
(n=2) and (n=3) respectively, ± standard deviation. Control soils are in grey. Bulk density measurements were not replicated.  
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Table 2.6 Mehlich-III extractable nutrients in amended soil mixtures and control soils for K, Mg, P, S, Cu, Fe, Mn, and Zn (mg kg-1).   

 

 
K Mg P S Cu Fe Mn Zn 

 
mg kg-1 

R Control 389 359 109 39 9.7 385.3 31.5 8.6 

R Bokashi 2,094 601 307 195 8.9 374.9 122.5 27.1 

R GroCo 595 864 1,244 233 8.8 479.3 55.2 48.7 

R Tagro 562 550 505 245 10.4 427.8 57.1 25.7 

R Vermicompost 2,650 827 748 232 6.8 259.9 29.2 23.9 

T Control 117 128 1,059 45 27.1 449.1 32.4 58.2 

T Bokashi 1,655 291 822 161 16.7 270.3 70.9 56.9 

T GroCo 250 384 1,343 148 20.1 445.4 59.8 73.1 

T Tagro 305 306 1,097 158 23.1 426.2 54.4 63.2 

T Vermicompost 1,801 415 1,182 157 21.4 375.0 29.9 57.8 

*R=Renton and T=Tacoma. Control soils are in grey. 
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Table 2.7 Soil biological indicators: mineralizable carbon (min C) and permanganate oxidizable carbon (POXC) for amended soil 
mixtures and control soils. 

 
Min C POXC 

 
mg CO2-C kg-1 day-1 mg kg-1 

R Control 98 ± 5 a 663 ± 10 a 

R Bokashi 811 ± 36 d 915 ± 3 b 

R GroCo 144 ± 17 b 1,231 ± 21 c 

R Tagro 79 ± 6 a 849 ± 10 b 

R Vermicompost 244 ± 25 c 1,118 ± 87 c  

T Control 85 ± 9 b 522 ± 28 a 

T Bokashi 388 ± 10 e 805 ± 19 a 

T GroCo 120 ± 14 c 711 ± 179 a 

T Tagro 54 ± 8 a 631 ± 46 a 

T Vermicompost 288 ± 17 d 603 ± 110 a 

*Mean ± standard deviation for min C and POXC measured in triplicate and duplicate respectively except for TG, TV, and RV 
treatments which were re-analyzed for POXC (n=5). Letters that are not shared in columns indicate results from pairwise mean 
comparisons using Tukey HSD post hoc analysis (p<0.05).  
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Figure 2.1 Amended soil mixture and control soil permanganate oxidizable carbon (POXC; mg kg-1) and mineralizable carbon (min C 
mg CO2-C kg-1 day-1). Boxes represent the interquartile range (IR). Whiskers include data points above and below 1.5x’s the IR. Lines 
in the boxes represent the median and dots represent the mean. Letters that are not shared above the treatments indicate 
differences according to Tukey HSD post hoc mean comparison (p<0.05). Soils were analyzed separately by soil type.
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2.3.2 Plant response 

2.3.2.1 Germination 

Both soil type and amendment type impacted kale germination (Table 2.8). In the kale, there 

was no germination in the bokashi amended soils potentially as a result of the high amendment 

EC (> 8.61 dS m-1). Kale germinated in all other treatments in the Renton soil. In the Tacoma 

soil, both the control and fertilizer treatments had poor germination (17% and 0%, 

respectively). Germination in the GroCo, Tagro, and vermicompost was 92% in the Renton soil 

and 100% in the Tacoma soil.   

Table 2.8 Kale germination emergence (%) recorded from three seeds. 

 
Emergence 

 % 

R Control 92 ± 14 

R Fertilizer 92 ± 14 

R Bokashi 0.0 

R GroCo 92 ± 14 

R Tagro 92 ± 14 

R Vermicompost 92 ± 14 

T Control 17 ± 17 

T Fertilizer 0.0 

T Bokashi 0.0 

T GroCo 100 ± 0.0 

T Tagro 100 ± 0.0 

T Vermicompost 100 ± 0.0 

*R=Renton and T=Tacoma soil types. Treatments without any germination in the first seeding 
were reseeded and germination from both attempts was recorded. Control soils are in grey.
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2.3.2.2 Kale yield 

Comparison of yield across both soils 

Kale yield varied by soil, treatment, and soil*treatment interaction (p<0.001) (Table 2.9; Figure 

2.4). The yield (fresh g pot-1) in the unamended Tacoma soil was much lower than the Renton 

soil only control (1.3 ± 1.9 and 34.9 ± 8.3, respectively). Overall yield (fresh g pot-1) across all the 

treatments was higher in the Renton soil was higher vs. the Tacoma soil (45.8 ± 32.7 vs. 30.2 ± 

41.4). Considering yield across both soils, the highest yields were observed in the vermicompost 

amended soils, followed by Tagro amended soils. Yield from GroCo additions significantly 

increased yield compared to both soils when unamended, but only in the Tacoma soil did yield 

increase from GroCo relative to the fertilized control. There was no germination for kale plants 

in the bokashi amended soils. Our results were consistent with the increased effect from 

organic amendments on yield in sandier soils (Ozores-Hampton et al., 2011). The 

soil*treatment interaction was significant which meant results were considered for each soil 

separately. 

Renton soil 

In the Renton soil, the yield (fresh g pot-1) from additions of vermicompost (92.8 ± 24.1) and 

Tagro (73.1 ± 9.3) was higher than both fertilized and unamended controls (62.1 ± 6.9 and 34.9 

± 8.3, respectively) but increases were significant (p<0.05) compared to the unamended control 

only. The yield in the GroCo amended soil (45.1 ± 11.7) was similar to the unamended control 

(34.9 ± 8.3) and numerically lower but statistically similar to fertilized control (62.1 ± 6.9). 

Bokashi did not germinate. 

Tacoma soil 

In the Tacoma soil, yield did not increase from fertilizer vs. the soil only control (1.5 ± 2.9 

fertilizer vs. 1.3 ± 1.9 control). Germination in both the fertilizer and unamended control soils 

was poor. All amendments increased (p<0.05) yield compared to both controls, with the 

exception of bokashi which did not germinate. Large increases from vermicompost (104.1 ± 

24.7), Tagro (72.9 ± 21.8), and GroCo (30.9 ± 4.9) were observed relative to both controls. The 

soil health improvements from amendment addition were likely key for successful crop yield in 

this soil (Figure 2.2; Table 2.9). 
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Figure 2.2 Kale photos at harvest (52 days from direct sow). Top and bottom: Renton and 
Tacoma soils, respectively. Left to right: GroCo, Tagro, vermicompost, soil control, fertilizer, 
worm tea, and bokashi.
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Table 2.9 Kale and Swiss chard yield (fresh g pot-1) and percent (%) change relative to soil only or fertilizer controls.  

 
Absolute yield  % change relative to control or fertilizer 

 Kale   Swiss chard   Kale Swiss chard 

 
g fresh pot-1   control fertilizer control fertilizer 

R Control 34.9 ± 8.3 c 14.9 ± 7.8 a         

R Fertilizer 62.1 ± 6.9 de 9.2 ± 2.8 a 78%   -38% 0% 

R Bokashi 0 a 33.8 ± 7.0 bc     127% 269% 

R GroCo 45.1 ± 11.7 cd 18.1 ± 7.1 ab 29% -27% 22% 97% 

R Tagro 73.1 ± 9.3 e 15.2 ± 3.7 a 109% 18% 2% 65% 

R Vermicompost 92.8 ± 24.1 e 47.9 ± 12.6 c 166% 49% 222% 422% 

T Control 1.3 ± 1.9 a 6.0 ± 3.5 b         

T Fertilizer 1.5 ± 2.9 a 15.2 ± 2.5 c 20%   153%   

T Bokashi 0 a 0 a         

T GroCo 30.9 ± 4.9 b 23.1 ± 3.6 c 2320% 1923% 285% 52% 

T Tagro 72.9 ± 21.8 c  54.8 ± 19.4 d 5620% 4682% 813% 260% 

T Vermicompost 104.1 ± 24.7 c 56.2 ± 6.2 d 8067% 6728% 836% 270% 

*R=Renton and T=Tacoma soil. Mean (n=4) yield ± standard deviation. Means that share the same letter in a column are not 
significantly different according to pairwise mean comparisons using Tukey HSD (p<0.05). Renton and Tacoma soils were analyzed 
separately. Yield was measured 52 and 56 days from direct sow for kale and chard, respectively.
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2.3.2.3 Swiss chard yield 

Comparison of yield across both soils 

Soil, treatment, and soil*treatment interaction were highly significant (p<0.001) factors in 

chard yield. Vermicompost addition had significant (p<0.05) effects in both soils relative to both 

controls, with an increased effect in the Tacoma soil. The chard yield from the unamended 

control was higher in the Renton soil than in Tacoma soil (Renton; 14.9 ± 7.8, Tacoma; 6.0 ± 3.5 

g pot-1). In the chard trial, the overall yield across all treatments was slightly higher in the 

Tacoma soil vs. the Renton soil (25.9 ± 23.9 vs. 23.2 ± 15.2). 

The impact from soil additions of vermicompost and Tagro on chard yield likely would have 

been even higher in both soils. However, a small amount of damage from deer browse near the 

end of the trial resulted in losses from treatments of approximately ½ a leaf from Tacoma 

Tagro, 4.5 leaves from Tacoma Vermicompost, and 6 leaves from the Renton Vermicompost. 

Renton soil 

In the Renton soil, yield (fresh g pot-1) from additions of vermicompost (47.9 ± 12.6) and 

bokashi (33.8 ± 7.0) was higher (p<0.05) than both controls (9.2 ± 2.8 fertilizer; 14.9 ± 7.8 

control). Yields in chard grown in the GroCo (18.1 ± 7.1) and Tagro (15.2 ± 3.7) amended soils 

were similar to both controls. 

Tacoma soil 

In the Tacoma soil, the fertilizer treatment increased chard yield above the soil-only control 

(15.2 ± 2.5 fertilizer; 6.0 ± 3.5 control). However, chard yield from additions of both the Tagro 

(54.8 ± 19.4) and vermicompost (56.2 ± 6.2) was significantly higher (p<0.05) than both 

controls. Increases in yield from GroCo (23.1 ± 3.6) were significant (p<0.05) compared to the 

unamended control, but similar to the fertilized control. There was no yield in the bokashi 

treatment which did not germinate (Figure 2.3).  
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Figure 2.3 Swiss chard photos at harvest (56 days from direct sow). Top and bottom: Renton 
and Tacoma soils, respectively. Left to right: vermicompost, Tagro, GroCo, fertilizer, control, 
and bokashi treatments, respectively. 
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Figure 2.4 Kale and Swiss chard yield (g pot-1) boxplot. Boxes represent the interquartile range 
(IR). Whiskers include data points above and below 1.5x’s the IR. Lines in the boxes represent 
the median and white dots represent the mean. Letters that are not shared above the 
treatments indicate differences according to pairwise mean comparisons using Tukey HSD 
(p<0.05) analyzed separately by soil and crop type.
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2.3.3 Kale foliar mineral concentrations 
Kale foliar mineral concentrations were near or within concentrations found in previous studies 

(Cornforth et al., 1978; White & Broadley, 2009) and were sufficient for crop growth (White et 

al., 2012). Foliar concentrations are shown in Table 2.10 and Table 2.11. Results for 

macronutrients (Ca, Mg, P, and S) analyzed separately by soil type are shown in Figure 2.5, 

while analysis of kale K concentrations, combined by soil type is shown in Figure 2.6. Results for 

kale foliar micronutrients (Cu, Fe, Mn, and Zn) analyzed separately for each soil type, are 

presented in Figure 2.7.  

2.3.3.1.1 Calcium (Ca) 

Calcium concentrations (g kg-1) in the edible portion of the kale highly varied (p<0.001) based 

on soil, treatment, and the soil*treatment interaction. The mean Ca concentration across all 

treatments was higher in the Tacoma soil (30.1 ± 10.8) than in the Renton soil (20.5 ± 6.1). 

Foliar Ca concentrations ranged from 10.9 (Tacoma Vermicompost) to 45.4 (Tacoma Tagro). 

In the Renton soil, a significant (p<0.05) increase in foliar Ca was observed from the Tagro (27.9 

± 6.6 g kg-1) relative to the unamended control (16.2 ± 3.8 g kg-1) but not the fertilized control 

(21.3 ± 4.3 g kg-1). In the Tacoma soil, kale grown in the vermicompost (15.3 ± 4.3 g kg-1) had 

lower Ca than kale grown in both controls (36.3 ± 1.7 unamended; 38.2 ± 0.2 fertilizer g kg-1). 

Kale in the GroCo (26.6 ± 1.3 g kg-1) amended soil also had lower Ca than in the unamended 

control. 

2.3.3.1.2 Potassium (K) 

Potassium concentrations (g kg-1) in the edible portion of the kale varied by treatment 

(p<0.001). The mean foliar K concentrations across all treatments were similar in the Renton 

and Tacoma soils (43.2 ± 12.3 and 35.6 ± 12.3, respectively). Kale foliar K ranged from 20.0 

(Tacoma Fertilizer) to 62.5 (Renton Vermicompost). Kale K concentrations did not vary (p>0.05) 

according to soil or soil*treatment interaction. Therefore, data from both soils were combined 

for further analysis and are presented below. 

Across both soils, positive effects to kale K concentrations (g kg-1) were significant (p<0.05) 

when grown in vermicompost (57.6 ± 2.8) relative to both controls (27.9 ± 6.5 soil only; 34.7 ± 
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11.0 fertilizer). Significant (p<0.05) increases in K from additions of Tagro (38.9 ± 6.4) were 

above the soil-only control, but similar to the fertilized control. Concentrations of K for kale 

grown in GroCo (35.7 ± 10.4) were similar to both controls. 

2.3.3.1.3 Magnesium (Mg) 

Magnesium concentrations (g kg-1) in the edible portion of the kale varied by soil*treatment 

interaction (p<0.001). Soil type and treatment were not significant (p>0.05). The significant 

interaction means that kale Mg concentrations did not respond to the different treatments the 

same way in both soils. The Mg concentrations across all treatments were similar in the Renton 

and Tacoma soil (5.34 ± 0.8 and 6.5 ± 1.8 g kg-1, respectively). Foliar Mg concentrations ranged 

from 4.1 (Tacoma Control) to 10.0 (Tacoma Tagro).  

 In the Renton soil, leaf tissue Mg (g kg-1) significantly increased (p<0.05) for kale grown in 

GroCo (6.2 ± 0.9 g kg-1) in comparison to the fertilized control (4.7 ± 0.6) but was similar to the 

unamended control (5.0 ± 0.3). In the Tacoma soil, significant increases (p<0.05) to kale foliar 

Mg occurred from additions of Tagro (9.0 ± 1.0 g kg-1) in comparison to both controls (4.7 ± 0.9 

soil only; 6.0 ± 0.1 fertilizer).  

2.3.3.1.4 Phosphorus (P) 

Phosphorus concentrations (g kg-1) in the edible portion of the kale varied by treatment 

(p<0.001), soil type (p<0.01), and soil*treatment interaction (p<0.01). The average foliar P 

across all treatments was lower in the Renton soil compared to the Tacoma soil (6.67 ± 1.40 

and 7.69 ± 1.25, respectively). Kale foliar P concentrations ranged from 4.9 (Renton Control) to 

10.1 (Renton GroCo). 

In the Renton soil, significant increases (p<0.05) in leaf P (g kg-1) resulted from additions of 

GroCo (9.0 ± 1.0) compared to both controls (5.1 ± 0.2 soil only; 6.2 ± 0.7 fertilizer). While 

similar to the fertilizer treatment, additions from Tagro (6.7 ± 0.5), and vermicompost (6.4 ± 

0.1) were higher (p<0.05) than the unamended control. In the Tacoma soil, foliar P 

concentrations increased (p<0.05) from GroCo amendment (9.3 ± 0.2) relative to the control 

(6.6 ± 1.0) but were similar to the fertilizer treatment (8.3 ± 1.3). Leaf P concentrations from 
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additions of vermicompost (6.4 ± 0.1) decreased (p<0.05) relative to the fertilized control but 

were similar to the soil alone.  

2.3.3.1.5 Sulfur (S) 

Sulfur concentrations (g kg-1) in the edible portion of the kale varied highly (p<0.001) from 

treatment, soil, and soil*treatment interaction. The mean S concentration across all treatments 

was lower in the Renton soil vs. the Tacoma soil (9.6 ± 6.5 vs. 16.0 ± 2.9). Kale leaf S 

concentrations ranged from 1.8 (Renton Control) to 22.1 (Tacoma Tagro). 

In the Renton soil, increases in leaf S were significant (p<0.05) for kale grown in GroCo (16.4 ± 

3.4 g kg-1), Tagro (14.8 ± 2.5), and vermicompost (12.2 ± 1.8) compared to both controls (2.0 ± 

2.1 control and 2.9 ± 4.7 fertilizer). In the Tacoma soil, Tagro (19.6 ± 1.7) increased (p<0.05) 

tissue S concentrations relative to the fertilizer treatment (12.1 ± 0.0) but was similar to the 

control (16.3 ± 1.7). 

2.3.3.1.6 Copper (Cu) 

Copper concentrations (mg kg-1) in the edible portion of the kale varied highly (p<0.001) from 

treatment, soil, and soil*treatment interaction. The mean foliar Cu concentration across all 

treatments was lower in the Renton vs. Tacoma soil (7.2 ± 2.2 vs. 14.5 ± 6.5). Kale leaf Cu 

concentrations ranged from 4.31 (Renton Vermicompost) to 30.61 (Tacoma Fertilizer). 

In the Renton soil, increases (p<0.0.5) in leaf Cu occurred in kale grown with fertilizer (8.7 ± 1.5 

mg kg-1), GroCo (9.2 ± 1.7 mg kg-1), and Tagro (8.5 ± 0.8 mg kg-1) compared to the unamended 

control (5.0 ± 0.5). GroCo and Tagro were similar to the fertilized control. In contrast, kale 

grown in the vermicompost amendment had decreased (p<0.05) leaf Cu concentrations (3.7 ± 

0.4 mg kg-1) relative to both controls. This decrease was significant (p<0.05) in the Tacoma soil 

as well. Additions of vermicompost (6.0 ± 1.4 mg kg-1) relative to both controls (15.8 ± 2.6 

control; 24.8 ± 8.2 fertilizer). In the Tacoma soil, the kale grown in the rest of the amendments 

all had similar Cu concentrations. 

2.3.3.1.7 Iron (Fe) 

Iron concentrations in the edible portion of the kale varied by treatment (p<0.001) and 

soil*treatment interaction (p<0.01) but did not vary based on soil type (p>0.05). Large outliers 
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for kale Fe concentrations (mg kg-1) from the Tacoma fertilizer (637) and Tacoma control (161) 

treatments were removed prior to analysis. The mean Fe concentration across all treatments 

was similar for kale grown in the Renton vs. the Tacoma soil (58 ± 12 vs. 58 ± 14). Kale leaf Fe 

concentrations (mg kg-1) ranged from 38 (Renton Control) to 91 (Tacoma Fertilizer). The 

interaction between soil and treatment indicates that kale Fe concentrations did not respond 

similarly in both soils. Therefore, kale Fe concentrations were analyzed separately for both soil 

types. 

In the Renton soil, treatments increased (p<0.05) foliar Fe from additions of Tagro (67 ± 7 mg 

kg-1) and vermicompost (66 ± 6 mg kg-1) in comparison to the unamended control (41 ± 5 mg kg-

1), but not the fertilized control (57 ± 11 mg kg-1). In the Tacoma soil, there was a large increase 

from fertilizer (91) in comparison to the unamended control (46). However, these results did 

not have replication and were not significant (p<0.05). High variability of the kale leaf Fe may be 

the result of soil contamination for which large outliers were removed. 

2.3.3.1.8 Manganese (Mn) 

Manganese foliar concentrations (mg kg-1) in the edible portion of the kale varied highly 

(p<0.001) from treatment, soil, and soil*treatment interaction. The mean foliar Mn across all 

treatments was higher for kale grown in the Tacoma vs. the Renton soil (251 ± 218 vs. 56 ± 32). 

Kale foliar Mn concentrations ranged from 17.4 (Tacoma Vermicompost) to 655.5 (Tacoma 

Fertilizer).  

In the Renton soil, increases in leaf Mn (mg kg-1) were significant (p<0.05) from additions of 

Tagro (75 ± 11) and GroCo (51 ± 3) compared to the unamended control (28 ± 5), but similar to 

the fertilized control (101 ± 30). Leaf Mn (mg kg-1) decreased (p<0.05) from additions of 

vermicompost (24 ± 3) relative to both controls. In the Tacoma soil, increases in leaf Mn were 

significant (p<0.05) from additions of fertilizer (597 ± 82) and Tagro (451 ± 100) which were 

similar to one another but above the unamended control (127 ± 98). Foliar Mn was similar for 

kale grown in GroCo (168 ± 22) and the soil only control, but lower than the fertilized control. 

Leaf Mn decreased (p<0.05) from additions of vermicompost (22 ± 5) relative to both controls.  
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2.3.3.1.9 Zinc (Zn) 

Zinc foliar concentrations (mg kg-1) in the edible portion of the kale varied highly (p<0.001) from 

treatment, soil, and soil*treatment interaction. The mean foliar Zn concentration across all 

treatments was lower in the Renton vs. the Tacoma soil (94 ± 47 vs. 223 ± 107). Kale leaf Zn 

concentrations ranged from 31 (Renton Vermicompost) to 356 (Tacoma Fertilizer).  

In the Renton soil, leaf Zn (mg kg-1) decreased from additions of vermicompost (34 ± 3) relative 

to both controls (127 ± 15 soil only; 129 ± 76 fertilizer). In the Tacoma soil, leaf Zn was lower in 

the kale grown in vermicompost (54 ± 11) than both controls (287 ± 24 soil only; 348 ± 11 

fertilized). In the Tacoma soil, GroCo (244 ± 27) decreased leaf Zn compared to additions of 

fertilizer but was similar to the unamended control.  

In brief, in both soils, vermicompost significantly decreased leaf Zn compared to both controls, 

with a larger effect in the Tacoma soil. Most amendments did not impact leaf Zn in either soil, 

but GroCo had a slight decrease in the Tacoma soil. Foliar Zn concentrations in our study were 

consistent with the range (100-700 mg kg-1 dry) found in a review of a variety of kale cultivars 

that were being evaluated for agronomic biofortification of Zn (White & Broadley, 2011). 
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Table 2.10 Kale foliar macronutrient concentrations (g kg-1 dry).  

Treatment Ca K Mg P S 

 g kg-1 dry 

R Control 16.2 ± 3.8 28.2 ± 6.9 5.0 ± 0.3 5.1 ± 0.2 2.0 ± 2.1 

R Fertilizer 21.3 ± 4.3 40.9 ± 6.5 4.7 ± 0.6 6.2 ± 0.7 2.9 ± 4.7 

R GroCo 19.6 ± 2.6 42.5 ± 10.9 6.2 ± 0.9 9.0 ± 1.0 16.4 ± 3.4 

R Tagro 27.9 ± 6.6 43.5 ± 4.3 5.2 ± 0.7 6.7 ± 0.5 14.8 ± 2.5 

R Vermicompost 17.5 ± 6.2 60.9 ± 1.6 5.7 ± 0.6 6.4 ± 0.1 12.2 ± 1.8 

T Control 36.3 ± 1.7 27.4 ± 8.5 4.7 ± 0.9 6.6 ± 1.0 16.3 ± 1.7 

T Fertilizer 38.2 ± 0.2 22.2 ± 3.1 6.0 ± 0.1 8.3 ± 1.3 12.1 ± 0.0 

T GroCo 26.6 ± 1.3 28.9 ± 3.3 6.7 ± 1.0 9.3 ± 0.2 14.6 ± 2.0 

T Tagro 41.1 ± 4.7 34.4 ± 4.4 9.0 ± 1.0 7.7 ± 0.4 19.6 ± 1.7 

T Vermicompost 15.3 ± 4.3 54.4 ± 1.7 4.9 ± 0.5 6.4 ± 0.1 15.5 ± 1.8 

*R=Renton and T=Tacoma soil types. Mean (n=4) ± standard deviation, except for Renton 
Control (n=2), Renton GroCo (n=2) and Tacoma Vermicompost (n=3). 
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Table 2.11 Kale foliar micronutrient concentrations (mg kg-1 dry). 

 

 

 

 

 

 

 

 

 

 

 

 

*R=Renton and T=Tacoma soil types. Mean (n=4) ± standard deviation, except for Renton 
Control (n=2), Renton GroCo (n=2) and Tacoma Vermicompost (n=3). Prior to analysis, outliers 
were removed for Fe (T Control and T Fertilizer) and do not have replicates for standard 
deviation.

Treatment Cu Fe Mn Zn 

 mg kg-1 dry 

R Control 5.0 ± 0.5 41 ± 5 28 ± 5 127 ± 15 

R Fertilizer 8.7 ± 1.5 57 ± 11 101 ± 30 129 ± 76 

R GroCo 9.2 ± 1.7 58 ± 1 51 ± 3 93 ± 14 

R Tagro 8.5 ± 0.8 67 ± 7 75 ± 11 87 ± 9 

R Vermicompost 4.7 ± 0.4 66 ± 6 24 ± 3 34 ± 3 

T Control 15.8 ± 2.6 46 127 ± 98 287 ± 24 

T Fertilizer 24.8 ± 8.2 91 597 ± 82 348 ± 11 

T GroCo 15.0 ± 1.0 46 ± 2 168 ± 22 244 ± 27 

T Tagro 16.8 ± 2.8 67 ± 4 451 ± 100 277 ± 19 

T Vermicompost 6.0 ± 1.4 56 ± 11 22 ± 5 54 ± 11 
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Figure 2.5 Kale leaf macronutrient concentrations (Ca, Mg, P, & S; g kg-1) boxplot. Boxes 
represent the interquartile range (IR). Whiskers include data points above and below 1.5x’s the 
IR. Lines in the boxes represent the median and white dots represent the mean. Letters that are 
not shared above the treatments indicate differences according to pairwise mean comparison 
using Tukey HSD (p<0.05). Kale mineral concentrations were analyzed separately by soil type.  
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Figure 2.6 Kale leaf K concentrations (g kg-1) boxplot. Boxes represent the interquartile range 
(IR). Whiskers include data points above and below 1.5x’s the IR. Lines in the boxes represent 
the median and black dots represent the mean. Letters that are not shared above the 
treatments indicate differences according to pairwise mean comparisons using Tukey (p<0.05). 
Kale K concentrations were combined by soil type prior to analysis.  
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Figure 2.7 Kale micronutrient concentrations (Cu, Fe, Mn, & Zn; mg kg-1) boxplot. Boxes 
represent the interquartile range (IR). Whiskers include data points above and below 1.5x’s the 
IR. Lines in the boxes represent the median and white dots represent the mean. Letters that are 
not shared above the treatments indicate differences according to pairwise mean comparisons 
using Tukey HSD (p<0.05). Kale mineral concentrations were analyzed separately by soil type.
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2.3.4 Swiss chard foliar mineral concentrations 
Sufficient ranges foliar mineral concentrations were met or exceeded in chard (Havlin, 1999; 

White et al., 2012) and are shown in Table 2.12 and Table 2.13. Results for chard mineral 

concentrations (K and P) were analyzed separately by soil type are shown in Figure 2.8. Results 

for chard mineral concentrations (Ca, Mg, S, and Cu) analyzed with data combined for both soil 

types are shown in Figure 2.9. Chard mineral concentrations (Fe, Mn, and Zn) were analyzed 

separately by soil type and are presented in Figure 2.10. 

2.3.4.1.1 Calcium (Ca) 

Calcium concentrations in the edible portion of chard varied by treatment (p<0.05) but did not 

vary according to soil type or soil*treatment interaction (p>0.05). Chard leaf Ca concentrations 

(g kg-1) ranged from 6.5 (Renton Bokashi) to 48.9 (Tacoma Tagro). The mean foliar Ca 

concentration across all treatments was similar for both soils (17.6 ± 10.7 Renton; 27.4 ± 11.1 

Tacoma). Subsequent results for chard Ca concentrations were analyzed for the effect of 

treatment using the data for both soil types combined. 

Ca concentration increases were significant (p<0.05) for chard grown in Tagro (36.2 ± 7.1) 

compared to unamended and fertilized controls (15.1 ± 5.5 and 22.2 ± 10.3, respectively). Chard 

Ca concentrations were similar in GroCo (26.1 ± 6.4) and vermicompost (19.8 ± 12.0) amended 

soils to both controls. Chard grown in the bokashi amended Renton soil (7.2 ± 0.6) appeared to 

have similar concentrations to controls also. The chard seeded in the bokashi treatment in the 

Tacoma soil did not germinate. 

2.3.4.1.2 Potassium (K) 

Potassium concentrations in the edible portion of the chard varied by treatment (p<0.01), soil 

(p<0.01), and soil*treatment interaction (p<0.05). Chard leaf K concentrations (g kg-1) ranged 

from 14.7 (Tacoma Fertilizer) to 86.4 (Renton Vermicompost). The mean foliar K concentration 

across all treatments was higher in the Renton soil (66.4 ± 9.9) than in the Tacoma soil (54.0 ± 

21.9). 

Amendments did not impact chard K concentrations grown in the Renton soil. In the Tacoma 

soil, chard K concentrations (g kg-1) increased (p<0.05) from additions of vermicompost (76 ± 9) 
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in comparison to both controls (20 control; 15 ± 1 fertilizer) and were significant from GroCo 

(61 ± 4) and Tagro (54 ± 9) amendments relative to the fertilized control, but not the soil alone.  

2.3.4.1.3 Magnesium (Mg) 

Magnesium concentrations in the edible portion of the chard varied by treatment (p<0.001) but 

did not vary according to soil or soil*treatment interaction (p>0.05). Chard leaf Mg (mg kg-1) 

concentrations ranged from 6.4 (Tacoma Vermicompost) to 30.3 (Tacoma GroCo). The mean 

foliar Mg concentration across all treatments was similar for both soils (14.3 ± 5.4 Renton; 17.0 

± 8.15 Tacoma). The results discussed below are analyzed from data for both soils combined. 

Chard foliar Mg increases were significant (p<0.05) when grown in soils amended with GroCo 

(25.6 ± 3.7) and Tagro (21.3 ± 2.4) compared to both controls (11.4 ± 2.7 unamended; 10.3 ± 

1.24 fertilized control). There was no difference in chard tissue Mg between controls and soils 

amended with vermicompost (10.4 ± 3.1) and bokashi (11.8 ± 1.0). 

2.3.4.1.4 Phosphorus (P) 

Phosphorus concentrations in the chard varied highly (p<0.001) by treatment, soil, and 

soil*treatment interaction. Chard leaf P concentrations (g kg-1) ranged from 2.3 (Renton 

Control) to 81.8 (Tacoma GroCo). The mean foliar P concentrations across all treatments were 

higher in the Tacoma soil (37.2 ± 24.1) than the Renton soil (14.6 ± 12.1). Both soils had 

significant (p<0.05) increases in tissue P from GroCo and Tagro compared to both controls.  

In the Renton soil, increases in leaf P (g kg-1) from additions of GroCo (35.6 ± 7.5) and Tagro 

(29.7 ± 4.6) were significant (p<0.05) compared to both controls (4.4 ± 2.2 soil only; 10.0 ± 2.0 

fertilizer) and from vermicompost (17.7 ± 0.5) relative to the unamended control only. In the 

Tacoma soil, increases to leaf P (g kg-1) were significant (p<0.05) from additions of GroCo (72.2 ± 

0.4) than from Tagro (36.5 ± 0.1), however, both were significantly above both controls (14.0 

unamended; 11.8 ± 4.2 fertilized).  

2.3.4.1.5 Sulfur (S) 

Sulfur concentrations in the chard varied by treatment (p<0.001) and soil (p<0.001) but did not 

vary from soil*treatment interaction (p>0.05). Chard leaf S concentrations (g kg-1) ranged from 

1.7 (Renton Vermicompost) to 5.0 (Tacoma Tagro). Chard S concentrations across all 
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treatments were higher in the Tacoma soil (3.7 ± 0.8) than in the Renton soil (2.9 ± 0.7). Due to 

the lack of interaction effect further analysis was conducted on the data for both soil types 

combined. Almost all treatments had similar S concentrations. Chard S concentrations (g kg-1) 

increased (p<0.05) from amendment of GroCo (4.10 ± 0.6) relative to the fertilized (2.6 ± 0.3), 

but not the unamended control (2.5 ± 0.4). 

2.3.4.1.6 Copper (Cu) 

Copper concentrations in the chard varied by treatment (p<0.001), and soil (p<0.01), but not by 

soil*treatment interaction (p>0.05). Chard leaf Cu concentrations (mg kg-1) ranged from 9.5 

(Renton Vermicompost) to 58.0 (Tacoma GroCo). Concentrations of Cu across all treatments 

were higher in the Tacoma soil (29.6 ± 12.1) than in the Renton soil (19.4 ± 7.0). Due to the lack 

of interaction effect further analysis was conducted on the data for both soil types combined. 

Chard Cu concentrations (mg kg-1) had significant (p<0.05) effects from additions of GroCo (38.2 

± 10.0) which increased leaf Cu relative to fertilizer (23.0 ± 2.4) and vermicompost (15.8 ± 4.4) 

which decreased leaf Cu relative to the unamended control (23.2 ± 3.7). Bokashi in the Renton 

soil (12.1 ± 1.0) likely decreased chard Cu concentrations but were not analyzed. 

2.3.4.1.7 Iron (Fe) 

Iron concentrations in the chard varied by treatment (p<0.001), soil (p<0.01), and 

soil*treatment interaction (p<0.001). Chard leaf Fe concentrations (mg kg-1) ranged from 72 

(Tacoma Vermicompost) to 760 (Renton GroCo). Foliar Fe concentrations across all treatments 

were higher in the Renton soil (202 ± 197) than in the Tacoma soil (154 ± 69). 

 In the Renton soil, increases in Fe concentrations (mg kg-1) from chard grown in GroCo (1,057 ± 

118) were significant (p<0.05) compared to both controls (122 ± 43 control; 164 ± 5 fertilizer). 

In the Tacoma soil, increases from chard grown in Tagro (241 ± 66) were significant (p<0.05) 

compared to the fertilizer (114 ± 16), but similar to the unamended control (212).  

2.3.4.1.8 Manganese (Mn) 

Manganese concentrations in the chard varied by treatment (p<0.001) and soil*treatment 

interaction (p<0.001) but did not vary by soil type (p>0.05). Chard leaf Mn concentrations (mg 

kg-1) ranged from 13 (Tacoma Vermicompost) to 2,041 (Tacoma GroCo). Concentrations of Mn 
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across chard grown in all treatments were similar for both soils (544 ± 237 Renton; 946 ± 736 

Tacoma). The effects from amendments on chard leaf Mn were much larger in the Tacoma soil. 

 In the Renton soil, increases in foliar Mn were significant (p<0.05) for chard grown in GroCo 

(1,057 ± 118) compared to the fertilizer treatment (585 ± 56) but not the unamended control 

(739 ± 25). In this soil, leaf Mn decreased (p<0.05) from vermicompost (95 ± 51) relative to both 

controls and decreases from bokashi amendment (427 ± 82) relative to the unamended control 

only. In the Tacoma soil, significant (p<0.05) increases in foliar Mn resulted from GroCo (2,387 ± 

369) and Tagro (1,430 ± 106) amendments in comparison to both controls (912 control; 827 ± 

113 fertilizer). In this soil, decreases in leaf Mn were significant (p<0.05) from vermicompost 

(107 ± 41) relative to both controls. 

2.3.4.1.9 Zinc (Zn) 

Zinc concentrations in the chard varied by treatment, soil, and soil*treatment interaction 

(p<0.001). Chard leaf Zn concentrations (mg kg-1) ranged from 50 (Renton Vermicompost) to 

2,927 (Tacoma GroCo). Concentrations of Zn across all treatments were higher for chard grown 

in the Tacoma soil (1,218 ± 904) than the Renton soil (257 ± 311). 

 In the Renton soil, foliar Zn (mg kg-1) for chard increased (p<0.05) when grown with GroCo (872 

± 6) than chard grown in both controls (268 ± 20 control; 633 ± 2 fertilizer). Foliar Zn increases 

from Tagro (690 ± 34) were also higher (p<0.05) relative to the unamended control, but not the 

fertilized control. Chard grown in the Renton soil amended with bokashi (65 ± 8) and 

vermicompost (85 ± 25) had significant decreases (p<0.05) in Zn relative to both controls. In the 

Tacoma soil, leaf Zn increases were significant (p<0.05) from amended soils with GroCo (2,387 ± 

369) compared to both controls (912 control; 827 ± 113 fertilizer) and Tagro (1,430 ± 106) 

relative to the fertilizer only. Decreases in this soil from vermicompost (107 ± 41) were 

significant compared to both controls. Chard has very high zinc which has been previously 

found for this variety compared to other vegetable crops (Hamon et al., 1997).
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 Table 2.12 Swiss chard foliar macronutrient concentrations (g kg-1 dry). 

Treatment n Ca K Mg P S 

  
 

g kg-1 dry 

R Control 3 12.3 ± 0.5 61.2 ± 3.1 12.3 ± 0.4 4.4 ± 2.2 2.4 ± 3.1 

R Fertilizer 2 13.3 ± 1.6 61.9 ± 9.9 11.3 ± 0.9 10.0 ± 2.0 2.4 ± 0.1 

R Bokashi 4 7.2 ± 0.6 60.7 ± 11.0 11.8 ± 0.9 3.5 ± 0.8 3.8 ± 0.4 

R GroCo 2 32.4 ± 3.6 72.8 ± 3.6 25.1 ± 0.7 35.6 ± 7.5 3.2 ± 0.1 

R Tagro 2 30.9 ± 5.0 72.4 ± 6.3 20.8 ± 2.0 29.7 ± 4.6 3.3 ± 0.1 

R Vermicompost 4 20.3 ± 11.7 72.1 ± 13.0 11.1 ± 2.9 17.7 ± 0.5 2.4 ± 0.1 

T Control 1 23.3 20.1 8.7 14.0 3.1 

T Fertilizer 2 31.1 ± 1.2 15.3 ± 0.8 9.3 ± 0.8 11.8 ± 4.2 2.9 ± 0.3 

T GroCo 4 23.0 ± 5.0 60.6 ± 4.3 25.9 ± 4.7 72.2 ± 0.4 4.5 ± 0.2 

T Tagro 4 39.0 ± 6.7 53.7 ± 8.6 21.5 ± 2.8 36.5 ± 0.1 3.9 ± 1.0 

T Vermicompost 4 19.3 ± 14.2 75.7 ± 8.8 9.7 ± 3.6 21.6 ± 0.4 3.2 ± 0.6 

*R=Renton and T=Tacoma soil types. Mean ± standard deviation. Replicates are reported in the 
“n” column. 
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Table 2.13 Swiss chard foliar micronutrients (mg kg-1 dry). 

*R=Renton and T=Tacoma soil types. Mean ± standard deviation. Replicates are reported in the 
“n” column. 

Treatment n Cu Fe Mn Zn 

    
mg kg-1 dry 

R Control 3 21.7 ± 2.6 122 ± 43 739 ± 25 368 ± 20 

R Fertilizer 2 24.2 ± 3.2 164 ± 5 585 ± 56 633 ± 2 

R Bokashi 4 12.1 ± 1.0 106 ± 40 427 ± 82 65 ± 8 

R GroCo 2 31.8 ± 2.3 701 ± 85 1,057 ± 118 872 ± 6 

R Tagro 2 20.8 ± 1.0 257 ± 18 827 ± 48 690 ± 34 

R Vermicompost 4 15.8 ± 5.7 99 ± 16 95 ± 51 85 ± 25 

T Control 1 27.7 212 441 912 

T Fertilizer 2 21.8 ± 1.0 114 ± 16 487 ± 25 827 ± 113 

T GroCo 4 41.4 ± 11.1 115 ± 9 1,497 ± 376 2,387 ± 369 

T Tagro 4 35.8 ± 4.1 241 ± 66 1,649 ± 129 1,430 ± 106 

T Vermicompost 4 15.9 ± 3.4 111 ± 31 47 ± 41 107 ± 41 
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Figure 2.8 Swiss chard leaf macronutrient concentrations (K and P; g kg-1) boxplot. Boxes 
represent the interquartile range (IR). Whiskers include data points above and below 1.5x’s the 
IR. Lines in the boxes represent the median and dots represent the mean. Letters that are not 
shared above the treatments indicate differences according to pairwise mean comparison using 
Tukey HSD (p<0.05). Mineral concentrations were analyzed separately by soil type. There was 
no yield for Tacoma Bokashi. 
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Figure 2.9 Swiss chard leaf mineral concentrations (Ca, Mg, and S; g kg-1 and Cu; mg kg-1) 
boxplot. Boxes represent the interquartile range (IR). Whiskers include data points above and 
below 1.5x’s the IR. Lines in the boxes represent the median and dots represent the mean. 
Letters that are not shared above the treatments indicate differences according to pairwise 
mean comparison using Tukey HSD (p<0.05). Mineral concentrations were analyzed for both 
soil types combined. There was no yield for Tacoma Bokashi.
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Figure 2.10 Swiss chard foliar micronutrient concentrations (Fe, Mn, & Zn; mg kg-1). Boxes 
represent the interquartile range (IR). Whiskers include data points above and below 1.5x’s the 
IR. Lines in the boxes represent the median and white dots represent the mean. Letters that are 
not shared above the treatments indicate differences according to pairwise mean comparison 
using Tukey HSD (p<0.05). Mineral concentrations were analyzed separately by soil type. There 
was no yield for Tacoma Bokashi.
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The kale and chard had different nutritional densities overall, as expected. In general, nutrient 

concentrations (dry weight basis) were higher in the chard than in the kale. Chard generally had 

higher concentrations for K, Mg, P, Cu, Fe, Mn, and Zn while kale had higher concentrations of 

Ca and S. 

Foliar tissue concentrations for many elements (Ca, P, S, K, Cu, Mn, and Zn) were higher in one 

soil than the other. Typically, the Tacoma soil had higher crop mineral concentrations than the 

Renton soil. For both crops, elements that were higher in the Tacoma soil were P, S, Cu, Mn, 

and Zn. Specifically in the kale, Ca concentrations were higher in the Tacoma soil while chard 

leaf concentrations of K and Fe were higher in the Renton soil. The nutritional density of crops 

grown varied by the main effect of soil type in most cases in the kale with exception of K and Fe 

concentrations. In the chard most elements varied by the main effect of soil type with the 

exception of Ca and Mg concentrations. Almost all nutrients had a significant (p<0.05) 

interaction effect between soil and treatment with the exception of a few mineral 

concentrations in both crops (K concentrations in the kale; Ca, Mg, S, and Cu concentrations in 

the chard). 

Plants grown in the amended soils generally had comparable or increased mineral 

concentrations than those grown in fertilizer treatments. In both soils, select amendments had 

an impact on crop mineral concentrations that were significant relative to the fertilized control. 

In general, relative to controls vermicompost increased crop concentrations of K and kale foliar 

S concentrations. While not always consistent for both Tagro and GroCo in each soil type, there 

were many cases where the biosolids-based amendments had higher mineral concentrations 

than both controls. Biosolids amendments had significant increases in both soils, above both 

controls in the kale (S) and the chard (Mg and P). In general, both biosolids amendments 

increased Cu, Fe, Mn, and Zn in the chard. 

For many micronutrients (Cu, Mn, and Zn) vermicompost amendment reduced mineral 

concentrations relative to both controls. This reduction may be related to the observed yield 

increase for plants grown in this treatment which could have effectively diluted the available 

nutrients. Vermicompost decreased foliar Cu concentrations in the kale and concentrations of 
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Mn and Zn in both crops. This trend may have persisted for bokashi, which is the other food 

scrap-based amendment. In the Renton soil, bokashi decreased chard concentrations of Cu and 

Zn relative to both controls. However, because this was the only crop and soil where bokashi 

germinated further research is necessary.  

In a sandy loam soil applied with high applications of biosolids (11.7 Mg ha-1 annually for 7 

years), mineral concentrations in Canola (Brassica napus) increased for leaf concentrations Ca, 

K, Mg, P, S, Cu, Mn, and Zn relative to an unamended control (Bañuelos et al., 2004) although 

they did not test Fe concentrations. Similarly, a previous study that evaluated organic 

amendment applications from local wastes (including two biosolid composts, yard waste, and 

biowaste) in sandy loam in British Columbia, Canada found increased chard leaf concentrations 

of N, P, Cu, and Zn relative to minerally fertilized controls (Neilsen et al., 1998). 
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2.3.5 Principal Component Analysis (PCA) 
Principal component analysis (PCA) biplots were produced for the kale (Figure 2.11) and chard 

(Figure 2.12) using the principal component (PC) axes that described the highest and significant 

proportions of the variation in the original crop yield and mineral concentration data.  

2.3.5.1 Kale PCA: yield and mineral concentrations 

Kale crop data had a large amount of cumulative variation (72%) that was described by the two 

PC axes. A significant and high amount of variation (52%) was primarily explained by the 1st PC 

for kale mineral concentrations of Ca, Cu, Mn, and Zn. Although PC1 also explained a non-trivial 

amount of the original variance for other mineral concentrations (Mg, P, Fe, and S). Much less 

variation from the original variables contributed to the 2nd PC which was primarily comprised of 

yield and foliar concentrations of S and K.  

2.3.5.2 Swiss chard PCA: yield and foliar mineral concentrations 

Chard plant data had a large and significant amount of cumulative variation of the original data 

(68%) that was explained by both PC axes. An intermediate and significant amount of variation 

(49%) in PC1 was primarily comprised of original variable contributions from chard mineral 

concentrations of Mg, Cu, Mn, and Zn. Although PC1 also explained a non-trivial amount of 

variance for other leaf concentrations (Ca, P, Fe, and S). The 2nd PC axis was not significant and 

was primarily explained by yield and chard foliar concentrations of K and P.  

2.3.5.3 PCA results: yield and foliar nutrient concentration 

In general, both crops had higher yields from pots with additions of vermicompost, Tagro, and 

GroCo (Figure 2.11 and 2.12; panel C). In general, foliar mineral concentrations were higher in 

the Tacoma soil than the Renton soil but were the opposite for crop yield. The differences 

between plant responses for treatments were much larger in the Tacoma soil in the kale but 

closer to one another in the chard (Figure 2.11 and 2.12; panel B). 

In the chard, the nutritional concentrations were different between the various treatments, 

then in the kale. While in the kale, the yield seemed to be more different between treatment 

groups than in the chard. For both crops, yield, and foliar K concentrations were highly 

correlated, while macronutrients and micronutrients concentrations were closely related to 

each other (Figure 2.11 and 2.12; panel A).
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Figure 2.11 Kale PCA biplot: variables alone (A) grouped by soil type (B) or treatment (C) with 95% confidence interval ellipses.
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Figure 2.12 Swiss chard PCA biplot: variables alone (A) grouped by soil type (B) or treatment (C) with 95% confidence interval 
ellipses. The bokashi treatment was removed due to lack of germination in the Tacoma soil. 
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2.4 Discussion 

2.4.1 Soil response to urban residuals-based organic amendments (OAs) 

2.4.1.1 Impact from OAs on soil response 

Organic amendments (OAs) used in this trial improved soil health according to the indicators 

used in this study. The most pronounced changes were increased total C, total N, and reduced 

bulk density. Across all OAs, soil available (M-III extractable) K, Mg, and S increased in both 

soils, and soil available Cu decreased with the minor exception of Tagro which slightly increased 

M-III Cu in the Renton soil. In both soils, OAs increased microbial activity according to the two 

measures used in this trial (min C and POXC) relative to control soils. Again, the exception here 

was from the Tagro amendment which decreased min C in both soils. In the Renton soil, 

amendments consistently increased available P and Zn which had lower initial concentrations 

than the Tacoma soil.  

Soil response differed between food scrap and biosolids amendments. The effect on soil C:N 

and pH differed for food scrap (bokashi and vermicompost) or biosolids-based (Tagro and 

GroCo) amendments. Food scrap amendments decreased soil C:N and increased soil pH. 

Biosolids-based amendments increased soil C:N and decreased soil pH. These changes to pH, 

C:N ratio, and M-III available nutrients were mostly consistent with amendment characteristics, 

except for the soil pH from the bokashi amendment. 

Changes to soil M-III extractable nutrients following amendment addition varied based on 

amendment type and soil type. Typically, the increases in available macronutrients (K, Mg, P, 

and S) were greater in the Renton soil than in the Tacoma soil. Amendments mostly had 

different effect sizes on soil available macronutrients with the exception of S which had similar 

treatment increases in each respective soil. For example, food scrap amendments increased M-

III K much more than biosolids amendments. Meanwhile, GroCo and vermicompost had larger 

increases to M-III extractable Mg and P. Changes from amendments increased of decreased soil 

available micronutrients. There were larger decreases in available nutrients in the Tacoma soil. 

In general, biosolids amendments increased soil available Fe, Mn, and Zn. All amendments 

increased soil Zn in the Renton soil, but the increases from biosolids amendments were high in 



 

102 
 

both soils. Bokashi had large increases in Mn which were higher than the biosolids 

amendments. Vermicompost decreased Mn and Fe, and bokashi decreased Fe in both soils. 

Our results were consistent with changes in soil M-III extractable concentrations found in a 

survey of agricultural sites in California by Brown and Cotton, (2011). In that study compost 

applications increased K, Cu, Fe, Mg, Mn, P, and Zn compared to either unamended or fertilized 

control soils. In another field study, which was in a silt loam soil applications (37 Mg ha-1) of 

biosolids increased M-III extractable nutrients Ca and Zn relative to chicken manure and 

increased M-III P concentrations relative to the unamended soil (Antonious et al., 2014). 

However, biosolids decreased M-III soil K and Mg, which did not occur in our study. In an urban 

system, biosolids applications (202 and 404 Mg ha-1) increased soil M-III extractable Fe, Cu, and 

Zn relative to soil-only controls. Biosolids did not increase M-III K, P, or Mn, relative to compost 

(hardwood vegetative) applications (137 Mg ha-1).  

2.4.2 Plant response to urban residuals-based organic amendments (OAs) 

2.4.2.1 Did plants grown in amended soils perform as well as those grown with synthetic 

fertilizer? 

First and foremost, amendment additions of GroCo, Tagro, and vermicompost had positive 

effects on crop response. For these treatments, the yield response from OAs was much more 

pronounced in the Tacoma soil than the Renton soil. Of the amendments tested the increases 

in yield were much higher from applications of vermicompost and Tagro. In the Tacoma soil, in 

both crops most dramatic increases in yield were from Tagro and vermicompost relative to 

both controls. In the Renton soil, these amendments were also the most productive for kale but 

similar to both controls. In this soil vermicompost and bokashi amendments were the most 

productive for the chard and were higher than both controls. Bokashi did not germinate in the 

kale or the Tacoma soil. In most cases, GroCo increased plant yield relative to the soil only 

control but was generally similar to or less than the increase associated with the use of 

synthetic fertilizer.  

Kale and chard are leafy greens with high concentrations of mineral nutrients. These greens are 

inherently nutrient-dense. Typically, kale has high K and Cu while chard elevated Ca, K, and Mn. 

Different cultivars will impact nutrient concentration and yield (Broadley et al., 2010; Hamon et 
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al., 1997; Yoder & Davis, 2020). Amendments in our trial had crop responses (yield and foliar 

mineral concentrations) that were highly dependent on soil and crop type. These changes are 

summarized for each specific amendment below. 

Vermicompost 

Across both soils, vermicompost amendments resulted in the highest yielding crops. Crops 

grown in the vermicompost amended soil had higher tissue concentrations of K than both 

controls which corresponded to amendment content and amended soil mixture concentrations 

for M-III extractable K. Response to vermicompost amendments varied for foliar element 

concentrations with decreases (Ca, Cu, Mn, and Zn) and increases (K and S) observed relative to 

the fertilizer control. Vermicompost decreased kale tissue Ca and Cu in the Tacoma soil, and 

decreased crop foliar Mn and Zn for both soil types. In addition to the universal increases in 

foliar K, vermicompost increase kale concentrations of S relative to the fertilized control. 

Compared to the Renton soil alone without amendment, the vermicompost addition increased 

foliar Fe in kale and tissue concentrations of P in both crops. 

Tagro  

Soils amended with Tagro tended to have higher crop yields than both controls. Of the 

amendments tested, Tagro generated the 2nd highest yields, with responses lower than the 

vermicompost amended soils. Plants grown in the Tagro amended soils generally had elevated 

concentrations of certain nutrients relative to the two controls. When compared to the 

fertilizer additions Tagro increased foliar nutrients in the kale (Mg and S) and the chard (K, Mg, 

P, Fe, Mn, and Zn), although chard increases in Fe, Mn, and Zn were only higher than the 

fertilizer treatment in the Tacoma soil. Relative to unamended controls Tagro generally 

increased mineral concentrations of Ca in both crops and K, P, Cu, Fe, and Mn in the kale.  

GroCo 

GroCo tended to have yields in kale and chard that were higher than both controls in the 

Tacoma soil and similar in the Renton soil. Of the amendments tested, GroCo generated the 3rd 

highest yields in the Tacoma soil. In the Renton soil, GroCo was the 4th most productive in both 
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crops. Fertilizer yielded higher than GroCo in the kale and after bokashi yielded more in the 

chard. Crops grown in the GroCo amended soils generally had elevated concentrations of 

certain nutrient concentrations that were higher than the two controls in both crops (Mg and P) 

in the kale (S) or the chard (K, Cu, Fe, Mn, and Zn). These changes were typically significant in 

just one soil type in the kale but were across both soil types for the elements Mg, P, Mn, and Zn 

in the chard. Compared to the control soils alone, GroCo amendments increased crop levels of 

Fe and kale tissue concentrations of Cu and Mn. These changes were typically found in one soil 

type but not both. 

Bokashi 

In the soils amended with bokashi, there was no germination with the exception of the chard in 

the Renton soil. When able to germinate, chard yield was the 3rd highest following 

vermicompost and Tagro, with an increase in yield above both controls. Nutrient analysis of 

bokashi was only possible for chard grown in the Renton soil which resulted in decreases of 

chard tissue Cu and Zn relative to both controls and Ca compared to the unamended control.  

2.4.2.2 Does soil type impact plant response to OAs? 

2.4.2.2.1 Crop yield response from OAs in different soil types 

Response to amendments, both in terms of changes in soil properties and plant growth, varied 

by soil type. Despite having lower initial total C concentrations, the Renton soil supported 

higher plant germination and yield than the Tacoma soil. The soils and plant response to 

amendments in the Renton soil likely reflects the response of amendments to generally healthy 

soil. This soil was derived from alluvial sediments recognized as productive parent material. In 

contrast, the Tacoma soil was likely to fill material from construction. All amendments that we 

tested resulted in some (bokashi) or dramatic (Tagro and vermicompost) improvements to 

plant yield. In both crops, the unamended Renton soil had a higher yield than the unamended 

Tacoma control but the effect on yield was much higher in magnitude in the Tacoma soil. There 

was no or close to no yield in the control and fertilizer treatments for the Tacoma soil. 

Germination was very low in the Tacoma controls (<17%) and increased to 100% from the 
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positive effects of GroCo, Tagro, and vermicompost. In the Renton soil, amendments did not 

impact germination. 

2.4.2.2.2 Foliar mineral concentration response from OAs in different soil types 

Soil type had a large effect on the foliar nutrient concentration changes from the amendments 

we tested. The only foliar mineral concentrations that did not vary by either soil type or 

interaction effects were K in the kale or Ca and Mg in the chard. 

In the Renton soil, which was already highly productive as a gardening soil, vermicompost 

increased macronutrients (Mg, K, P, and S) typically increased from amendments which were 

consistent with the larger increases in the same soil M-III extractable nutrients in this soil.   

In the Tacoma soil, representative of fill, crops had higher mineral foliar concentrations of P, S, 

Cu, Mn, and Zn than in the Renton soil, but this soil had higher micronutrient concentrations, to 

begin with. The decreases in micronutrient concentrations were especially high from food 

scrap-based amendments in this soil which was consistent with the changes and amendments 

properties of M-III nutrients from the vermicompost.  

Soil response from organic amendments has been shown to impact leaf nutrient concentrations 

in other studies. In a pot study by Topalović et al., (2018) chard concentrations of Ca, Mg, and P 

were positively related to their soil available (ammonium lacetate-Ca, P and K) concentrations. 

In a field study using two biosolids-based composts, soil extractable (DPTA) P, Cu, Fe, and Mn 

were significantly (p<0.001) higher in the soil surface (0-15 cm) than the control which 

corresponded to increases in chard yield and leaf concentrations of Cu, Fe, and Mn above the 

fertilized control in the 3-year study (Neilsen et al., 1998). Potential differences from various 

soil types were not addressed in these studies.  

2.5 Conclusion 

All of the urban residuals-derived amendments tested in this study indicated increased soil 

quality via physical, chemical, and biological indicators. Pronounced increases in soil health 

were seen in changes to total C, total N, and bulk density. Soil physical changes were essential 

to improve yield in the lower quality soil (Tacoma) based on the lack of germination from both 
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controls. High amendment available nutrients (M-III extractable) were reflected in the increases 

to the amended soil mixtures for most elements with a few exceptions. 

Crop yield was highly increased in soils that were amended with Tagro and vermicompost. A 

soil with an inherently lower yield (Tacoma) had dramatic increases compared to the 

unamended and fertilizer controls. Benefits to yield also occurred for an initially healthier soil 

(Renton) when unamended, but much larger increases from fertilizer were seen in this soil. 

GroCo had positive effects on yield in both soils but did not increase yield above the fertilized 

Renton soil. which did not increase relative to the fertilized control. When bokashi was able to 

germinate which never occurred in the Tacoma soil, and only happened in the Renton soil in 

the chard the treatment yielded the second-highest after vermicompost. Results suggest 

further investigation is needed to fully assess the potential use of bokashi as an amendment.  

High foliar nutrients (P, S, Cu, Mn, and Zn) across all treatments in crops in the Tacoma soil 

would not have been realized to an urban gardener without yield due to amendment additions. 

Mineral concentrations varied by crop and soil type. In general, amendments had similar or 

increased foliar mineral concentrations relative to the fertilized controls for macronutrients (K, 

Mg, S, and P). Mineral concentrations of micronutrients in general either increased from 

biosolids-based amendments or decreased from food-scrap based on the feedstock materials. 

The results from this study suggest that urban food-based residuals have the potential to 

improve urban soils and increase yields for urban agriculture.   
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