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Biochar: 
A Home Gardener's Primer
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Home gardeners may have heard about biochar, but may 
not understand exactly what it is and what it does. This 
fact sheet provides a quick overview of what biochar is, the 
science behind its manufacture and use, and how it affects 
soil, plants, and the environment.

What is biochar?

Biochar is a fine-grained charcoal left behind after 
pyrolysis of crop residues, livestock manures, and other 
organic material used in alternative fuel production 
(Figure 1). These alternative fuels, or biofuels, are produced 
by high temperature processing of organic materials in the 
absence of oxygen—a process known as pyrolysis. Biofuel 
researchers initially regarded biochar as nothing more than 
a waste product of pyrolysis. However, further investigation 
revealed some unique properties. For instance, biochar is so 
slow to decompose that scientists widely consider it to be a 
long-term repository for stored carbon. 

From a global standpoint, biochar’s ability to store rather 
than release carbon might be its single most important 
attribute. Properly “cooked” biochars do not release carbon 

dioxide into the atmosphere and their physical structure 
remains virtually intact. Their resistance to decomposition 
means that good biochars will not release carbon dioxide 
over the long term, either. Furthermore, biochars applied 
to wet soils like those found in rice paddies decrease meth-
ane and nitrous oxide production. Since, carbon dioxide, 
methane, and nitrous oxide are three of the most impor-
tant greenhouse gases contributing to climate change, both 
biochar production and use may help slow this troubling 
phenomenon.

Researchers have identified some potential uses for bio-
char in addition to carbon storage. Biochar is similar to 
activated charcoal and has been used successfully to treat 
sewage and waste water. It is also exceptionally well suited 
for restoring degraded soils, such as those found near min-
ing sites, because it tightly binds toxic heavy metals and 
neutralizes unnaturally acidic soils. 

How is biochar made?

The best biochar consists of finely textured, porous par-
ticles made by using extremely high temperatures (at least 

Figure 1. The material shown on the left is too coarse to be considered a high quality biochar, while the fine-textured 
material on the right is a high quality biochar.
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500°C) in the complete absence of oxygen (pyrolysis) as 
shown in Figure 2. During pyrolysis, organic matter breaks 
into fragments whose surfaces are covered with negatively 
charged chemical compounds. The hotter the temperature, 
the smaller and more porous the fragments become. These 
small, porous biochar particles have proportionally more 
surface area than large, solid particles. So slow-cooking 
at high temperatures (over 500°C) for several hours will 
produce a lightweight, fine-textured, negatively charged 
biochar. 

Do not be tempted by the numerous websites that offer 
“home recipes” for making biochar from yard waste. Proper 
pyrolysis is impossible to achieve at home since oxygen is 
present and temperatures are too low. Improper cooking 
also generates carbon dioxide and other pollutants. You 
are better off using pruning debris and other home-garden 
wastes in your compost pile or on top of your soil as a 
natural and sustainable organic mulch layer. Ideally, bio-
char can be made commercially from excess crop residues, 
invasive plant species, such as kudzu and English ivy, and 
other organic materials that might otherwise end up in 
landfills. 

Production techniques influence biochar’s physical, chemi-
cal, and biological properties, which in turn affect how it 
works in the soil. The science behind biochar is complex: 
there are many variables associated with both making and 
using biochar. First, a finished biochar is specific to the 
material that was burned to produce it. A biochar made 
from straw is different than one made from coconut husks, 
yard waste, or wooden pallets. Second, the range of tem-
peratures and times used for cooking biochar produces 
biochars that are chemically and physically different from 
one another. The highest quality biochars are cooked for 
several hours at temperatures from 350°C to 700°C. Finally, 
the effectiveness of biochar is highly dependent on soil 
characteristics, such as texture, organic content, and min-
eral nutrient levels.

How does biochar work?

Because biochar remains virtually intact for centuries, it 
can permanently change a soil’s character. For example, 
this porous material improves aeration of poorly drained 
or compacted soils, while increasing the water-holding 
capacity of fast-draining, sandy soils. The porous nature 
of biochar also provides a physical home for bacteria and 
fungi, including beneficial mycorrhizal species. 

Biochar’s negatively charged surface binds to positively 
charged chemicals, including hydrogen ions and many 
plant nutrients in the soil (Figure 3). This phenomenon 
has two effects on soil characteristics. First, binding the 
hydrogen ions raises the pH of the soil, making it increas-
ingly alkaline. Second, soil nutrition is enhanced because 
biochar binds and retains nutrients that otherwise might 
leach out of the soil. Biochar can improve urban soils by 
tightly binding lead, cadmium, and other heavy metals 
found in urban soils, preventing their uptake by plants and 
soil life. As biochar attaches to heavy metals, it sheds other 
bound ions, many of them plant nutrients. This process of 
ion exchange contributes to increased levels of available 
nutrients for plant uptake.

How are soil organisms affected by 
biochar?

Overall, biochar has a positive effect on beneficial soil 
microbes. The habitat it provides for fungi and bacteria 
also hides them from grazing protozoa, such as amoebas. 
Together with the biochar, these microscopic communities 
continue to change soil characteristics in positive ways. 
For instance, pathogenic bacterial populations decrease 
when biochar is added. This could be due to improved 
soil structure, or to competition from beneficial microbes 
housed in the biochar. Earthworm populations, however, 
often decline in biochar-amended soils, possibly due to pH 
changes or dehydration. 

Figure 2. Production of biofuel and biochar by pyrolysis. 
Illustration by Andrew Mack, PREC.

Figure 3. Biochar’s negatively charged surface will bind 
positively charged elements. Illustration by Andrew Mack, 
PREC.
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How is plant growth affected by biochar?

As you might expect, the beneficial effects biochar has on 
the soil environment also translate into plant benefits. 
Crops grown in biochar-amended soil consistently show 
increased growth. This may be due to improved nutrient 
and water availability and an increased number of ben-
eficial microbes. Other biochar benefits include improved 
drought tolerance and greater resistance to root and 
leaf diseases. Gardeners should be cautious when using 
biochar, however. Application of too much biochar can 
injure plants, possibly by increasing soil alkalinity past the 
plant’s tolerance level. Also, applying biochar to soils rich 
in organic matter can temporarily reduce nitrogen levels 
because increased microbial activity will compete with 
plants for this nutrient.

There are good reasons to be excited about the possible 
benefits of biochar in home gardens. A solid body of 
research is available that describes the benefits of adding 
biochar to crops, soils, and soil microorganisms.

Can we use biochars in our gardens?

Currently there are only a handful of studies on biochar 
with direct relevance to home gardens and landscapes. 
So far, biochar appears to benefit soils where turf grasses 
and trees are planted. Turf grasses perform better in more 
alkaline soil conditions like those that biochar can create.  
Lawns with compacted, poorly drained soil benefit from 
the increased aeration and drainage that biochar can pro-
vide. Both coniferous and broad-leaved trees have shown 
improved growth and disease resistance in soils amended 
with biochar. Biochar can also reduce the weight of plant-
ing mixes used for container plants and green roof gardens. 

If you want to try biochar in your garden, be sure to use 
only a commercially produced biochar with well-defined 
characteristics. Be careful when applying biochar because 
improper application can create problems in your garden. 
For instance, adding too much biochar can injure benefi-
cial soil organisms like earthworms, or reduce the effec-
tiveness of soil-applied pesticides. You will also want to 

Table 1. How biochar application affects soils and plants.

Benefits Drawbacks Best Use

Decreases soil bulk density None Compacted soils

Improves aeration None Heavy or compacted soils

Increases soil aggregation None Fine-textured soils

Improves water-holding capacity Can cause waterlogging in heavy clay soils Excessively drained, sandy soils

Increases soil sequestration of carbon Can be washed out of saturated soils All soils

Increases soil alkalinity May injure acid-loving plants and 
earthworms

Soils used for alkaline-tolerant species, 
such as turf grasses

Increases cation exchange capacity (CEC) None Low nutrient and sandy soils

Binds salt None Soils contaminated with de-icing salts or 
exposed to tidal floods, or naturally salty 
soils

Binds nutrients, such as nitrogen and 
phosphorus, reducing their leaching

Not as effective on silty soils Sandy and acidic soils

Binds organic material (OM) None Soils subjected to erosion or runoff

Binds and/or detoxifies heavy metals, such 
as lead, mercury, and chromium

None Acidic soils

Binds and sequesters organic 
contaminants, such as polycyclic aromatic 
hydrocarbons

None Application rates greater than 2% of soil 
volume

Binds and degrades pesticides Soil-applied pesticides will be less effective All soils

Reduces greenhouse gas emissions (CO2, 
CH4, and N2O) from wet soils

None Waterlogged soils, especially sandy types

Enhances fungal biodiversity, including 
mycorrhizal species

None All soils

Increases availability of plant nutrients (N, 
P, K)

Levels of sodium can increase depending 
on biochar source

All soils

Decreases need for nitrogen fertilizers None All soils

Increases plant nutrient uptake and 
enhances plant growth

Less effective in OM-rich soils; use of 
excessive biochar in OM-rich soils can 
reduce growth

OM-poor soils and dry soils

Increases plant drought resistance None when used appropriately

Increases plant disease resistance None when used appropriately
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monitor your plants in the first few months after applying 
biochar for signs of nitrogen deficiency. Overall leaf yel-
lowing is an indicator of low nitrogen. Adding a nitrogen 
fertilizer can treat this temporary deficiency. Table 1 sum-
marizes the benefits and drawbacks of biochar, along with 
optimal conditions for use. This information may help 
you decide whether your garden and landscape soils might 
benefit from biochar additions.
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Urban soil quality is often degraded and a challenging substrate 
for trees. This study was conducted to assess the impacts of biochar 
(BC), biosolids (BS), wood chips (WC), compost (COM), aerated 
compost tea (ACT), and a nitrogen plus potassium fertilizer (NK) 
for improving three typical urban soils and tree sapling growth. 
Across the three soil types, the most significant changes in soil 
properties were observed with BS and BC. Biosolids decreased soil 
pH and increased available N, N mineralization, and microbial 
respiration. Biochar increased total organic C. Increases in microbial 
respiration were also observed with NK, COM, and WC in only 
the sand soil. Leachate concentrations of dissolved organic C were 
greater with BS and COM, but nitrate in leachates did not differ 
among the treatments. The greatest and most significant increases 
in Acer saccharum and Gleditsia triacanthos growth were found with 
BS and BC. Tree growth was modeled from plant-available N and 
microbial respiration. The N content in the treatments appeared to 
be a strong determinant of tree growth for all treatments except BC. 
Nitrogen fertilizer, COM, and WC are the most common urban soil 
amendments and mulches in use today. This study provides evidence 
that BS and BC are acceptable, and possibly preferred, alternatives 
for improving urban soil quality and tree growth.

Biochar and Biosolids Increase Tree Growth and Improve Soil Quality  
for Urban Landscapes

Bryant C. Scharenbroch,* Elsa N. Meza, Michelle Catania, and Kelby Fite

Urban tree growth is affected by soil quality and 
many anthropogenic factors (e.g., pollution, manage-
ment, disturbance) (Patterson, 1977; Scharenbroch 

and Catania, 2012). Compaction and topsoil removal associ-
ated with urban site development have immediate and dra-
matic negative impacts on soil quality ( Jim, 1998; Craul, 1999). 
Specifically, these activities may strongly alter soil carbon (C) 
and nitrogen (N) pools (Beyer et al., 1996; Scharenbroch et 
al., 2005). Consequently, soil organic matter (SOM) dynamics 
should be at the forefront of concerns for stewards of urban trees.

Inorganic fertilizers have long been used to provide N to 
trees in urban landscapes (Chadwick, 1935, 1937). However, 
a number of concerns exist with the use of inorganic N 
fertilizers, including greenhouse gas emissions, eutrophication, 
acidification, salinization, and losses of soil C (Vitousek et al., 
1997; Khan et al., 2007). Organic materials are considered 
slow-release nutrient sources, so the potential for exceeding tree 
nutrient demands and associated environmental contamination 
is likely reduced relative to synthetic fertilization (Smith and 
Hadley, 1989; Huntley et al., 1997). The use of organic materials 
is often more cost-effective and also promotes useful recycling 
(Finck, 1982).

Many studies have demonstrated the value of composts and 
wood chip mulches applied to urban landscapes for improving 
soil quality and tree growth (Chalker-Scott, 2007; Scharenbroch, 
2009). Aerated compost teas (ACT), biochars (BC), and 
biosolids (BS) are three organic amendments that are increasing 
in popularity for managing soils for urban trees. However, the 
knowledge base for the effects of ACT, BC, and BS on urban soil 
quality and tree growth is limited.

Aerated compost tea is made by aerating compost and 
microbial food sources in water for approximately 24 h. Compost 
teas are applied directly to plants or to soils as drenches or liquid 
injections. The goal of an ACT program is to culture aerobic, 
beneficial microorganisms in the tea and then ultimately on the 
plants and in the soil in which they are applied. The effects of 
compost teas or extracts on plant growth and disease suppression 
have been the focus of much research (Yohalem et al., 1996; 

Abbreviations: ACT, aerated compost tea; BC, biochar; BS, biosolid; COM, compost; 
DOC, dissolved organic C; EC, electrical conductivity; HSD, honestly significant 
difference; LOI, loss-on-ignition; NK, NK fertilizer; Nmin, N mineralization; NUL, 
control; PAN, plant-available N; RES, microbial respiration; TOC, total organic C; WC, 
wood chips.
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Scheuerell and Mahaffee, 2002; Duffy et al., 2004; Scheuerell 
and Mahaffee, 2004; Welke, 2005; Scheuerell and Mahaffee, 
2006; Al-Mughrabi, 2007; Hargreaves et al., 2008; Hendawy, 
2008; Puglisi et al., 2008; Viator et al., 2008; Hargreaves et al., 
2009a, 2009b; Pant et al., 2009; Segarra et al., 2009; Ezz El-Din 
and Hendawy, 2010; Pant et al., 2011). For the most part, mixed 
results have been reported for the effectiveness of compost teas to 
decrease disease and increase yield for a variety of agronomic and 
horticultural plants. Few of these studies focused on the specific 
impacts of ACT on soil quality (Hendawy, 2008; Larkin, 2008; 
Puglisi et al., 2008; Pant et al., 2009; Scharenbroch et al., 2011) 
and tree growth (Scharenbroch, 2013).

The increasing use of BC as a soil amendment was inspired by 
high fertility and organic C contents found in anthropic soils in 
the Amazon Basin, referred to as Terra Preta de Indio (Lehmann 
et al., 2003). Today, BC is most commonly produced through 
pyrolysis, burning at 350 to 800°C under partial exclusion of 
oxygen (Antal and Grønli, 2003). With ideal feedstock, such as 
woody biomass, the resulting material is highly aromatic with C 
concentrations of 70 to 80% and unique adsorption properties 
(high affinity for nutrients) and stability (high persistence) 
(Lehmann et al., 2006). A growing body of research is finding 
BC to increase soil quality and plant growth (Glaser et al., 2002; 
Lehmann and Rondon, 2006; Lehmann, 2007; Liang et al., 
2010). Biochar is often found to increase soil surface area, water, 
and nutrient retention (Pietikäinen et al., 2000; Liang et al., 
2006; Chan et al., 2008; Downie et al., 2009), and also increase 
microbial biomass and activity (Hockaday et al., 2006; Thies and 
Rillig, 2009; Lehmann et al., 2011). Potential negative impacts 
of BC on soil quality include increasing soil pH in alkaline soils 
(Novak et al., 2009) and potential N immobilization (Lehmann 
et al., 2003). Most research thus far has been in agronomy, and 
few studies have examined the impact of BC on woody plants 
(Wardle et al., 1998). Spokas et al. (2012) reviewed the effects of 
BC on plant growth, and of the 42 of the studies in the review, 
only 2 focused on trees.

Biosolids are the nutrient-rich organic materials from 
the treatment of sewage sludge. Biosolids have been used in 
reclamation of agricultural, forest, and disturbed lands since 
the 1960s (Sommers, 1977; Epstein, 2003). Studies have found 
increased soil fertility (Burton and Hook, 1979; Brockway, 1983), 
improved physical properties (Epstein, 1975), and increased 
microbial activity (Gilmour et al., 2003) with BS. Harrison et al. 
(1996) found that overapplication of BS (500 Mg ha-1) decreased 
tree growth through soil acidification and cation leaching. In 
addition, increases in nitrification with BS have been reported 
to lead to increased nitrate leaching (Burton and Hook, 1979; 
Medalie et al., 1994); although this is not always the case (Dutch 
and Wolstenholme, 1994). Additional concerns associated with 
applying BS to soils include, but are not limited to, salinity (Epstein 
et al., 1976), heavy metals (Silviera and Sommers, 1977), organic 
contaminants (Harrison et al., 2006), and pathogens (Pepper 
et al., 2006), as well as a poor public perception (Beecher et al., 
2005). Consequently, the USEPA requires that wastewater solids 
be stabilized to minimize odor generation, destroy pathogens, and 
reduce vector attraction potential (USEPA, 1995). In addition to 
stabilization, the USEPA sets ceiling and pollutant concentrations 
for nutrients and metals in BS. Some studies reported (Henry et 
al., 1994; Prescott and Blevins, 2005) and modeled (Luxmoore et 

al., 1999) increased tree and forest growth with BS applications, 
but the body of literature is limited compared with research on 
nonwoody plant responses.

The first objective of our experiment was to evaluate the 
impacts of four organic mulches (wood chips, compost, biosolids, 
and biochar), compost tea, and inorganic fertilization on tree 
growth, labile C and N in soil, and leaching of C and N. The 
second objective was to examine soil and leachate attributes for 
correlations with tree biomass. Three soil types were selected to 
represent a gradient of urban soil quality and potential limitations 
to tree growth. Noncompacted silt loam soils represent the 
highest-quality soils. A compacted clay soil was used to represent 
a dense, low organic matter soil typical of urban landscapes 
that have been compacted and scraped of topsoil. A sand soil 
was chosen to represent a low organic matter, well-drained, 
and relatively dry substrate often found in constructed soils in 
street tree cutouts. Acer saccharum (sugar maple) and Gleditsia 
triacanthos (honey locust) are commonly planted urban trees. 
Because of their faster growth response rates relative to mature 
trees, saplings of these species were used to study the trees and 
collect leachates in a controlled greenhouse setting.

Materials and Methods
Experimental Design

The experiment was a full factorial with two species, three soil 
types, six treatments plus control, and five replicates for a total of 
210 experimental units. The two tree species were A. saccharum 
Marsh. and G. triacanthos. The trees were planted as 1- to 2-cm 
caliper bare root saplings in January 2011. Before planting, the 
main roots were pruned to a standardized 10-cm length, fine roots 
(≤2 mm in diameter) were removed, and stems were pruned to a 
30-cm length. The three soil types were pure sand, silt loam, and 
compacted clay. The silt loam and clay soils were collected from a 
3-m-deep pit on the grounds of The Morton Arboretum, Lisle, IL. 
The silt loam soil was from the Ap horizon (0 to 10 cm), and the 
clay soil from the Btg horizons (40 to 75 cm) of a fine, illitic, mesic 
Oxyaquic Hapludalf, Ozaukee series soil profile. The sand soil was 
playground sand purchased from a local retailer.

All soils were air-dried in the laboratory, passed through a 
2-mm sieve, and thoroughly homogenized. The soils were placed 
in microcosms (cylindrical polyvinyl chloride containers, 15-cm 
diameter by 25-cm height) in six lifts (250 mL per lift). The silt 
loam and sands were lightly tamped down between each lift to a 
final bulk density of 1.12 and 1.41 Mg m-3, respectively. The clay 
soils were placed and compacted to a bulk density of 1.65 Mg m-3 
with a standard compaction drop hammer with 592.7 kJ m-3 
effort (AASHTO, 2012). Before compaction, the Proctor test 
was used to determine the optimum moisture content (19 ± 
0.5% gravimetric soil moisture) to maximize compaction effort 
for the clay soil. Characteristics of the silt loam, compact clay, 
and sand soils are given in Table 1.

Treatments
Four solid organic materials were included as treatments and 

applied at rates that are considered the current best practices 
for soil application (USEPA, 2000; US Composting Council, 
2001; Major, 2010; USDA NRCS, 2011). Wood chips (WC), 
compost (COM), BC, and BS were applied annually as top-
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dressings to the soil surfaces at the rate of 25 Mg ha-1 yr-1 (100 
mL of each treatment microcosm-1 yr-1). Characteristics of WC, 
COM, BC, and BS are provided in Table 1.

Wood chips were from assorted hardwood trimmings at 
The Morton Arboretum. Tree trimmings were chipped in a 
wood-chipper, ground in a tub-grinder, and piled for a period 
of approximately 6 mo. The pile of wood chips was turned 
monthly during this period. Compost was the Organomix 
product (Midwest Organics, Inc.). The compost was tested by 
Soil Foodweb, Inc., and contained approximately 12,000 mg 
bacteria g-1, 3500 mg fungi g-1 (mean hyphae diameter of 3 mm), 
20,000 flagellates g-1, 15,000 amoebae g-1, 10,000 ciliates g-1, 
and 1 nematode g-1.

Biochar used in this experiment was produced from pine 
feedstock (Pinus taeda, P. palustris, P. echinata, P. elliotti). 
Feedstocks are known to influence BC characteristics (Spokas et 
al., 2012), and this feedstock was selected due to its availability 
and because it closely resembles urban forest and tree wood waste. 
Pyrolysis time of the BC was 1 h between temperatures of 550 
and 600°C in a pyro-torrefaction style kiln. The BC contained 
(% dry wt.): 1.0% mobile C, 63.1% resident C, 0.1% mobile 
N, 0.3% resident N, 17% mobile hydrogen–oxygen (H-O), 
6.8% resident H-O, 8.6% soluble ash, 3.7% nonsoluble ash 
(analyzed July 2011 by Control Laboratories Inc., Soil Control 
Laboratory, Watsonville, CA). The BC was obtained from New 
Earth Renewable Energy (a commercial producer no longer in 
operation). Biosolids contained (% dry wt.): 65.2% total solids, 
0.65% mobile N, 0.97% P2O5, and 0.12% K20. Metal contents of 
the BS meet the Illinois Environmental Protection Agency Class 
A standards for land application. The BS contained (mg kg-1 
dry wt.): 1.5 Ar, 1.9 Cd, 20 Cr, 514 Cu, 25 Pb, 276 Mn, 1.8 Me, 
9 Mo, 16 Ni, 4.9 Se, and 440 Zn (Downers Grove Sanitary 
District, Downers Grove, IL).

The NK fertilizer (30–0–12) contained 30% total N (15% 
water-insoluble N) from nitroform and urea. The NK fertilizer 
also contained 12% K from K2SO4, 0.10% Fe, 0.05% Mn, 0.05% 
Cu, and 0.05% Zn. The NK fertilizer was diluted with water and 
applied twice annually at a rate of 220 kg N ha-1 yr-1 (ANSI, 
1998; Smiley et al., 2002).

Aerated compost tea was applied five times annually (35 mL 
microcosm-1 application-1), May through September at a rate of 
100 kL ha-1 yr-1 (Scharenbroch, 2013). Aerated compost tea was 
made with a KIS compost tea brewer (Keep It Simple, Inc.). A 
mesh bag was filled with 500 g of compost (Organomix, Midwest 
Organics, Inc.) and 500 g of a commercially produced compost tea 
package consisting of 80% organic nutrients, 20% natural minerals 
derived from feather meal, bone meal, cottonseed meal, sulfate of 
potash-magnesia, alfalfa meal, kelp, soymeal, and mycorrhizae 
(Keep It Simple, Inc.). The brewer was filled with 19 L of water. 
Humic acid (25 g) and soluble seaweed powder (25 g) were added 
to the water at the start of the brew (Keep It Simple, Inc.). During 
the 24-h brew cycle, dissolved oxygen, temperature, pH, and 
electrical conductivity (EC) were measured every hour. Dissolved 
oxygen remained above 6 mg kg-1, with a mean value of 7 mg kg-1 
throughout the brew cycle. Mean temperature, pH, and EC were 
21°C, 5, and 2000 mS cm-1, respectively. On average (10 brews), 
the ACT contained only a fraction of what was in the compost 
itself: 2000 mg bacteria g-1, 5 mg fungi g-1 (mean hyphae diameter 
of 3 mm), 2000 flagellates g-1, 1000 amoebae g-1, 10 ciliates g-1, 
and 0.1 nematodes g-1. Characteristics of the water, the NK 
fertilizer, and ACT are given in Table 1.

Control (NUL) trees received no treatments. All trees 
received 35 mL of water at times when ACT and NK fertilizer 
was applied. During the growing seasons (March–November), 
200 mL of water was added to each tree, three times per week. To 
accurately capture leachates, soil water-holding capacities were 
not exceeded during the watering. During the growing season, 
microcosms were maintained in a greenhouse at 20°C with 
light regime of 14 h light and 10 h dark. In the dormant season, 
November through February, tree in microcosms were moved 
to an outdoor Quonset hut. The experiment ran for 18 mo, and 
trees and soils were destructively sampled in June of 2012.

Tree Responses
In June 2012 (18 mo from beginning of experiment), trees were 

carefully separated from the soils. Trees were then washed with 
deionized water to remove all soil. Roots were photographed and 
scanned (WinRHIZO software, Regent Instruments, Inc.). Trees 

Table 1. Characteristics (mean ± standard error of the mean) of three soils (silt loam, clay, and sand), and control or water (NUL), and six treatments: NK 
fertilizer (NK), aerated compost tea (ACT), compost (COM), wood chips (WC), biochar (BC), and biosolid (BS). Values are means of six replicate samples.

Response† Loam Clay Sand NUL NK ACT COM WC BC BS
F gravel (5–2 mm) (%) 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 n/a n/a n/a 12.2 ± 0.3 71.4 ± 0.6 1.0 ± 0.1 18.7 ± 0.3
VC sand (2–1 mm) (%) 2.1 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 n/a n/a n/a 19.2 ± 0.2 11.3 ± 0.2 5.6 ± 0.1 21.2 ± 0.2
C sand (1–0.5 mm) (%) 3.1 ± 0.1 2.2 ± 0.1 1.1 ± 0.1 n/a n/a n/a 24.8 ± 0.2 6.5 ± 0.1 21.5 ± 0.2 25.1 ± 0.1
M sand (0.5–0.25 mm) (%) 3.8 ± 0.2 7.6 ± 0.2 8.9 ± 0.1 n/a n/a n/a 21.9 ± 0.1 4.6 ± 0.1 30.9 ± 0.2 20.9 ± 0.1
F sand (0.25–0.05 mm) (%) 4.5 ± 0.2 20.3 ± 0.2 72.3 ± 0.1 n/a n/a n/a 15.6 ± 0.1 5.4 ± 0.1 22.9 ± 0.1 9.9 ± 0.1
Silt (0.05–0.002 mm) (%) 57.7 ± 0.4 27.2 ± 0.1 16.9 ± 0.1 n/a n/a n/a 5.9 ± 0.1 0.6 ± 0.1 12.6 ± 0.2 3.0 ± 0.1
Clay (<0.002 mm) (%) 28.8 ± 0.3 42.5 ± 0.2 0.1 ± 0.1 n/a n/a n/a 0.4 ± 0.1 0.2 ± 0.1 5.5 ± 0.2 1.2 ± 0.1

Bulk density (Mg m-3) 1.12 ± 0.1 1.65 ± 0.3 1.41 ± 0.2 n/a n/a n/a 0.52 ± 0.01 0.27 ± 0.03 0.26 ± 0.02 0.62 ± 0.01
pH 6.27 ± 0.1 7.85 ± 0.2 8.89 ± 0.1 7.52 ± 0.2 5.03 ± 0.1 7.52 ± 0.1 7.74 ± 0.1 5.07 ± 0.2 9.18 ± 0.1 5.50 ± 0.1

EC (dS m-1) 47 ± 5 112 ± 7 32 ± 3 322 ± 21 10 ± 2 770 ± 23 366 ± 16 33 ± 6 99 ± 9 279 ± 12

C (%) or (Mg ha-1 yr-1) 2.61 ± 0.1 1.85 ± 0.1 0.11 ± 0.1 <0.01 ± 0.0 0.2 ± 0.1 0.4 ± 0.1 4.8 ± 0.2 11.2 ± 0.5 16.0 ± 0.7 4.1 ± 0.3

N (%) or (kg ha-1 yr-1) 0.24 ± 0.02 0.07 ± 0.01  <0.01 ± 0.0 <0.01 ± 0.0 140 ± 5 38 ± 3 215 ± 12 125 ± 12 100 ± 10 428 ± 11
C/N ratio 11 ± 1 27 ± 2 100 ± 2 n/a 1 ± 0.1 10 ± 1 22 ± 1 92 ± 2 160 ± 3 10 ± 1

Nmin (g N m-2 yr-1) 1.74 ± 0.02 0.88 ± 0.05 0.01 ± 0.01 0.05 ± 0.01 2.49 ± 0.01 2.73 ± 0.01 4.39 ± 0.01 1.66 ± 0.01 1.85 ± 0.01 11.23 ± 0.2

RES (kg C m-2 yr-1) 1.09 ± 0.01 0.49 ± 0.01 0.32 ± 0.02 0.04 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 0.36 ± 0.02 0.06 ± 0.01 0.08 ± 0.01 1.12 ± 0.02

† F, fine; C, coarse; VC, very coarse; M, medium; EC, electrical conductivity; Nmin, N mineralization; RES, microbial respiration.
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were partitioned into leaf, stem, fine root (≤2 mm diam.), and 
coarse root fractions (>2 mm diam.). All fractions were dried at 
60°C for 5 d and weighed to determine biomass in those fractions.

Soil Responses
At the conclusion of the experiment, soils were carefully 

removed from each microcosm and separated from tree roots. Soils 
were passed through a 6-mm screen and homogenized for further 
characterization. Soil pH and EC in dS m-1 were measured in 1:1 
and 1:5 (soil:deionized water) pastes, respectively (Model Orion 
5-Star, Thermo Fisher Scientific Inc.). Soil EC was used as proxy 
for plant-available N (PAN). Soil EC correlates to the presence of 
the major dissolved inorganic salts (Na+, Mg2+, Ca2+, K+, NH4

+, 
Cl-, SO4

2-, HCO3
-, NO3

-, and CO3
2-) (Rhoades et al., 1999). 

In a similar soil microcosm study with identical soils, EC was 
significantly correlated with the combined pools of NH4

+, NO3
-, 

and dissolved organic N (PAN = 1.83 + 0.39×EC; R2 = 0.29; P < 
0.0001; N = 180) (Scharenbroch, 2013). The correlations with EC 
and PAN were stronger than any correlations with EC and Na+, 
Mg2+, Ca2+, K+, or Bray P. Soil organic matter was determined by 
loss on ignition (LOI) at 400°C for 6 h to a stable mass (Nelson 
and Sommers, 1996). Total organic C (TOC) was predicted 
from LOI using an equation (TOC = 0.55 + 0.54×LOI; R2 = 
0.63; P < 0.0001; N = 205) derived from these soils relating LOI 
with TOC via dry combustion in a CN analyzer (Vario ELIII, 
elementar Analysensysteme). Potential N mineralization (Nmin) 
was measured as the net increase or decrease in extractable NH4

+ 
in a dark, anaerobic, 10-d incubation at 25°C at 100% water-
filled pore spaces. Base and incubated soils were extracted with 
2.0 M KCl and extractable NH4

+ measured with a modified 
indophenol blue method and read at 650 nm on a microplate 
reader (Biotek ELx800) (Sims et al., 1995). Microbial respiration 
(RES) was the CO2 evolution measured during the 10-d aerobic 
incubations (sans roots), sequestered in NaOH traps, and titrated 
to a phenophalthein endpoint with 0.25 M standardized HCl 
(Parkin et al., 1996).

Leachate Responses
Microcosm bottoms contained 3 cm of coarse sand plus 

gravel and drainage wicks. During the period 14 to 21 May 
2012 (17 mo from the beginning of experiment), all microcosms 
were placed under a vacuum of 35 kPA and soil leachates were 
collected in side-arm flasks. Before the leachate collection, no 
water was allowed to drain from the microcosms. The collection 
of leachate at this time was to represent potential nutrient 
loss after the tree seedlings are relatively well established. The 
leachates were analyzed for dissolved organic C (DOC) and 
nitrate (NO3

-). Leachate DOC was analyzed on a total organic 
C analyzer (Model 1010, OI Analytical). Leachate NO3

- was 
analyzed by reduction to NH4

+ using a Devarda’s alloy and 
0.1 M H2SO4, and then read colorimetrically at 650 nm (Model 
ELx500 microplate reader, BioTek) (Sims et al., 1995).

Statistical Analyses
The effects of treatment (NUL, NK, ACT, COM, WC, BC, 

and BS) on soil, leachate, and tree properties were individually 
tested using standard least squares and ANOVA, with treatment 
as the main effect and species and soil type as blocking variables. 

Differences among treatments for each of the tested variables were 
compared using Tukey-Kramer honestly significant difference 
(HSD) test, a = 0.05. Assumptions of normality were tested using 
a Shapiro-Wilk test (P > 0.05) and homogeneity of variance tested 
using a Levene’s test (P > 0.05). When necessary, soil, leachate, 
and tree properties were transformed using natural log, square, 
square root, exponential, and reciprocal functions before analyses 
to address ANOVA violations. A sequential Bonferroni inequality 
was applied to the critical P values to control for false positives 
(Type I error) associated with multiple testing (Rice, 1989).

Relationships among soil, leachate, and tree variables were 
assessed using least squares linear regression and multivariate 
modeling (P < 0.05). Combinations of different predictors for 
tree biomass were tested in a stepwise procedure to find the 
combination of predictors that maximized R2. To balance the 
trade-off between model fit and model complexity, a predictor 
was added to the model only if it improved the model R2 by more 
than 0.05. Nonparametric multiplicative regression (NPMR) 
was also used to suggest the best predictors for tree biomass 
(McCune, 2006). Significance of the final selected model was 
determined as the percentage of 100 Monte Carlo trials with R2 
greater than or equal to the R2 of the final selected model, when 
observed predictor values were randomly reassigned among the 
microcosms during each trial. Statistical analyses were conducted 
using SAS JMP 7.0 software (SAS Inc.), as well as PC-ORD 6.0 
HyperNiche Version 2 software (MjM Software Design).

Results
Tree Responses

Significant treatment effects were detected for all tree 
responses (Table 2). Effects of soil type and species were also 
significant, but no treatment × soil or treatment × species 
interactions were detected for tree responses. Leaf biomass was 
greater with BS compared with compost tea (ACT), compost 
(COM), WC, and NUL. Leaf biomass was greater with NK 
fertilizer compared with WC, ACT, and NUL. Leaf biomass 
was also greater with BC compared with NUL. Stem biomass 
was greater with BS compared with NUL. Coarse root biomass 
was greater with BS and BC compared with ACT and NUL. 
Total tree biomass was greater with BS compared with ACT and 
NUL. Total tree biomass was also greater with BC compared 
with NUL.

More significant differences were detected for G. tricanthos 
compared with A. saccharum when treatment effects were 
assessed on individual species (Fig. 1). Total tree biomass for 
A. saccharum was greater for BS and BC compared with NUL. 
Acer saccharum leaf biomass was greater with BS compared with 
WC, COM, ACT, and NUL. Acer saccharum leaf biomass was 
greater with BC compared with WC and NUL. Acer saccharum 
leaf biomass was greater with NK compared with ACT, WC, and 
NUL. Significant differences were not detected for coarse and 
fine roots and stem biomass of Acer saccharum. Total tree biomass 
for G. triacanthos was greater for BS compared with WC, ACT, 
and NUL. Total tree biomass for Gleditsia triacanthos was greater 
for BC and NK compared with WC and NUL and BC compared 
with NUL. Gleditsia triacanthos leaf biomass was greater for 
BS and NK compared with WC, ACT, and NUL. Gleditsia 
triacanthos leaf biomass was greater for BC compared Gleditsia 
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triacanthos NUL. Stem biomass of G. triacanthos was greater for 
BS compared Gleditsia triacanthos WC, ACT, and NUL. Coarse 
root biomass for G. triacanthos was greater for BS compared with 
WC and NUL. Fine root biomass for G. triacanthos was greater 
for BS and BC compared with WC and NUL.

Significant soil type and species effects were detected for all 
tree parameters (Table 2). Biomass in all components was greater 
with A. saccharum compared with G. triacanthos. Individual 
tree biomass components and total tree biomass was greater 
in silt loam compared with compact clay and sand soils. Leaf 
fluorescence was greater in silt loam, followed by compact loam 
and lastly, sand soils.

Soil Responses
Significant treatment, soil, and treatment × soil type effects 

were detected for all soil properties, except treatment × soil for 
soil PAN (Table 2; Fig. 2). In all three soils, soil PAN was greater 
with BS compared with NUL, ACT, NK, WC, and BC. Soil pH 
did not differ with treatment for the silt loam soils. Soil pH was 
significantly higher for ACT compared with BS with the compact 
clay soils. In sand soils, pH was lower with BS compared with all 
other treatments. Soil pH was greater for ACT compared with 
BS and BC in the sand soils. Total organic C was greater with 
BC compared with all other treatments in all soil types. Total 

organic C was greater with BS, WC, and COM compared with 
NK, ACT, and NUL in all three soil types (sans silt loam and 
WC). In both silt loam and compact clay, Nmin was greater with 
BS compared with all other treatments, but no differences were 
detected in sand for Nmin. Microbial respiration was greater 
with BS compared with NUL and ACT in all soils. In compact 
clay, RES was greater with NK compared with NUL and ACT. 
In sand soils, RES was greater with BS compared with BC, WC, 
and COM. In sand soils, RES was greater with BC, NK, WC, 
and COM compared with ACT and NUL.

All soil responses differed by soil type. Soil pH increased 
from silt loam to compact clay to sand soils. Plant-available N 
was greatest in compact clay, followed by silt loam and then sand 
soils. Soil TOC decreased from silt loam to compact clay to 
sand soils. Nitrogen mineralization was greater in silt loam and 
compact clay compared with sand soils. Microbial respiration 
decreased from silt loam to sand to compact clay. Microbial 
respiration and PAN were greater with A. saccharum compared 
with G. triacanthos.

Leachate Responses
Significant treatment differences were detected for DOC 

but not for NO3
- in leachates (Table 2). Leachate DOC was 

greater with COM compared with BC, WC, ACT, NK, and 

Table 2. Mean ± standard error of the mean of tree, soil, and leachate properties from control (NUL) and six treatments: NK fertilizer (NK), aerated 
compost tea (ACT), compost (COM), wood chips (WC), biochar (BC), and biosolid (BS). Each mean is 18-mo response from 30 microcosms across two 
tree species (Acer saccharum and Gleditsia triacanthos), and three soil types (silt loam, compact clay, and sand).

Response† NUL NK ACT COM WC BC BS Tr‡§ So§ Sp§ Tr × So Tr × Sp So × Sp Tr × Sp 
× So

Leaf biomass (g) 3.0 ±  
0.3d¶

5.5 ± 
0.9ab

3.6 ± 
0.4cd

4.1 ± 
0.4bcd

3.4 ± 
0.4cd

5.2 ± 
0.5abc

6.6 ± 
0.6a

*** *** *** ns# ns ns ns

Stem biomass (g) 9.2 ±  
0.9b

12.3 ± 
1.2ab

9.9 ± 
1.0b

11.3 ± 
0.8ab

11.0 ± 
1.2ab

12.5 ± 
1.0ab

13.5 ± 
1.0a

*** *** *** ns ns ns ns

F root biomass (g) 6.2 ±  
0.3

7.1 ± 
0.3

6.5 ± 
0.3

7.1 ± 
0.3

6.6 ± 
0.3

6.8 ± 
0.3

7.5 ± 
0.4

** *** *** ns ns ns ns

C root biomass (g) 9.4 ±  
0.6b

12.0 ± 
0.9ab

10.2 ± 
0.8b

12.0 ± 
0.9ab

10.7 ± 
0.9ab

13.7 ± 
1.1a

14.4 ± 
1.2a

*** *** *** ns ns ns ns

Total biomass (g) 24.9 ±  
2.1c

33.8 ± 
2.6abc

27.5 ± 
2.6bc

30.9 ± 
2.3abc

29.0 ± 
3.0abc

35.8 ± 
2.7ab

38.3 ± 
2.9a

*** *** *** ns ns ns ns

pH 7.99 ±  
0.1ab

8.00 ± 
0.1ab

8.08 ± 
0.1a

8.02 ± 
0.1ab

7.95 ± 
0.1ab

7.92 ± 
0.1ab

7.73 ± 
0.1b

*** *** ns *** ns ns ns

PAN (g N m-2) 0.101 ±  
0.01b

0.115 ±
 0.02b

0.104 ± 
0.01b

0.119 ± 
0.01ab

0.104 ± 
0.01b

0.116 ± 
0.01b

0.181 ± 
0.02a

*** *** ** ns ns *** ns

TOC (kg C m-2) 2.99 ±  
0.4c

3.02 ± 
0.4bc

2.98 ± 
0.4c

3.79 ± 
0.4abc

3.58 ± 
0.4abc

5.22 ± 
0.5a

3.93 ± 
0.4ab

*** *** ns *** ns ns ns

Nmin (g N m-2 yr-1) 0.83 ±  
0.2b

1.22 ± 
0.3b

0.86 ± 
0.2b

1.38 ± 
0.2b

0.92 ± 
0.2b

0.96 ± 
0.2b

2.85 ± 
0.5a

*** *** ns *** ns ns ns

RES (kg C m-2 yr-1) 0.87 ±  
0.1b

1.15 ± 
0.1ab

0.89 ± 
0.1b

1.10 ± 
0.1ab

1.10 ± 
0.1ab

1.10 ± 
0.1ab

1.26 ± 
0.1a

*** *** *** *** ns *** ns

Leach DOC (mg kg-1) 14.0 ±  
1.1cde

11.2 ± 
1.0cd

10.2 ± 
0.8d

21.8 ± 
1.6a

14.7 ± 
0.9cd

16.2 ± 
1.8bc

19.4 ± 
2.8ab

*** *** ** ns ns ns ns

Leach NO3
- (mg kg-1) 2.08 ±  

0.4
1.72 ± 
0.4

1.08 ± 
0.3

1.49 ± 
0.3

1.58 ± 
0.4

1.26 ± 
0.2

1.85 ± 
0.3

ns ** ns ns ns ns ns

** P < 0.01.

*** P < 0.0001.

† F, fine; C, coarse; PAN, plant-available N; TOC, total organic C; Nmin, N mineralization; RES, microbial respiration; Leach, leachate.

‡ Tr, treatment; So, soil; Sp, species.

§ P values are given for ANOVA F-test results of main and interaction effects.

¶ Unique letters indicate significantly different means using Tukey-Kramer honestly significant difference test (a = 0.05).

# ns, nonsignificant (a = 0.05).
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NUL. Leachate DOC was greater with BS compared with BC, 
WC, ACT, NK, and NUL. Leachate DOC was greater with BC 
compared with ACT. Significant differences in leachate DOC 
and NO3

- were detected among the three soil types. Sandy soils 
had greater leachate NO3

- compared with compact clay. Leachate 
DOC was greater in silt loam and compact clay compared with 
sand. Leachate DOC was greater with A. saccharum compared 
to G. triacanthos.

Modeling Tree Biomass
All tree attributes were positively and significantly correlated 

with each other (R2 > 0.05; P < 0.0001). Soil pH was negatively 
correlated with all tree biomass measures (Fig. 3). Total organic 
C, Nmin, and RES were positively and significantly correlated 

with all tree biomass measures. Soil PAN was positively correlated 
with leaf, stem, and total tree biomass. Correlations between tree 
biomass and leachate DOC and NO3

- were nonsignificant.
Combinations of the soil properties were tested in a stepwise 

procedure to maximize R2 and minimize model complexity. 
A two-factor model (Tree biomass = 6.96 + 14.0×RES + 
0.0742×PAN, R2 = 0.34; P < 0.0001) was an improvement over 
the single-factor model (Tree biomass = 19.8 + 11.1×RES, R2 
= 0.16; P < 0.0001); but adding additional factors could not 
improve on the two-factor model. In addition to the stepwise 
procedure, a nonparametric multiplicative regression was used to 
evaluate the six predictors on tree biomass. This procedure also 
yielded a two-factor model with RES and PAN (xR2 = 0.28), 
where, xR2 is the cross-validated R2 = 1 – (residual sum of squares/

Fig. 1. Leaf (open), stem (diagonal), fine root (stipuled), coarse root (hatched), and total tree biomass (total bar) for Acer saccharum and Gleditsia 
triacanthos saplings with a control (NUL) and six treatments applied as top-dressings over 18 mo: NK fertilizer (NK), aerated compost tea (ACT), 
compost (COM), wood chips (WC), biochar (BC), and biosolid (BS). Values are means of 15 trees in microcosms across three soil types (silt loam, 
compact clay, and sand). P values are given for ANOVA F-test results, and unique letters indicate significantly different means using Tukey-Kramer 
HSD test (a = 0.05).
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total sum of squares). The Monte Carlo analysis of the two-factor 
model (Fig. 4) yielded a p = 0.0099, where p is the proportion of 
randomized runs with fits greater than or equal to the observed 
fit. Sensitivity analysis of the two-factor model revealed values 
of 0.19 (PAN) and 0.24 (RES) for the mean absolute differences 
resulting from 397 nudgings of the predictors, expressed as a 
proportion of the range of the response variable.

The amount of N applied in the treatments was significantly 
correlated with all tree and soil responses, and all correlations 
were positive except for soil pH. The strongest correlations were 
observed among treatment N and PAN (R2 = 0.83; P = 0.0043), 
RES (R2 = 0.78; P = 0.0081), and total tree biomass (R2 = 0.65; 
P = 0.0281) (Fig. 5). The relationship between tree biomass and 
N added in treatment was substantially improved (R2 = 0.97; P = 
0.0004) when the BC microcosms were removed. No significant 
correlations were detected between N in treatments and leachate 
DOC or NO3

-.

Discussion
Tree Growth

The greatest increases in tree growth were observed with 
BS treatment. Across both species and three soil types, total 
tree biomass increased with BS compared to the control. Our 

findings confirm other reports of increased tree growth with BS. 
Henry et al. (1994) found height increases in young Pseudotsuga 
menziesii (Douglas fir) stands of up to 72% with BS applied at 
47 Mg ha-1. McDonald et al. (1994) reported a 24% increase in 
diameter of Thuga plicata (western red cedar) 2 yr following BS 
applied at 69 Mg ha-1; however, growth rates were greater with 
an inorganic fertilizer at 225 kg N and 75 kg P ha-1. Our findings 
contrast Fuentes et al. (2007), who found BS to have a negative 
effect on Quercus ilex seedling growth at the rate of 12 Mg ha-1, 
but this difference may be due to impact of incorporated BS as 
backfill, whereas we applied BS as a soil mulch. Harrison et al. 
(1996) also found BS to decrease tree growth at high rates (500 
Mg ha-1) due to soil acidification and cation leaching.

Increases in tree biomass were also observed with the BC 
treatments. Across both species and three soil types, total tree 
biomass increased 44% with BC compared with the control. 
Our findings of increased tree biomass are in general agreement 
with the body of research examining BC effects on tree growth. 
Robertson et al. (2012) found BC to increase seedling growth 
in Pinus contorta (lodgepole pine) and Alnus viridis (sitka 
alder). Sovu et al. (2012) found rice hull BC at 4 Mg ha-1 to 
increase diameter and height growth of some slow-growing 
tree species (Dipterocarpus alatus, Pterocarpus macrocarpus, 
and D. cochichinensis) after 4 yr on a degraded restoration site. 

Fig. 2. Soil pH, total organic C, N mineralization, and microbial respiration in silt loam, compact clay, and sand soil tree microcosms with Acer 
saccharum and Gleditsia triacanthos saplings. Treatments were applied as top-dressings over 18 mo in a greenhouse setting: control (NUL), NK 
fertilizer (NK), aerated compost tea (ACT), compost (COM), wood chips (WC), biochar (BC), and biosolids (BS). P values are given for ANOVA F-test 
results, and unique letters indicate significantly different means using Tukey-Kramer HSD test (a = 0.05).
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Chidumayo, (1994) reported 13% greater biomass production 
among seven woody plants growing in soils under charcoal kilns 
compared with undisturbed Alfisols and Ultisols.

Surprisingly, increases in tree biomass with COM and WC 
were not observed. Total tree biomass for G. triacanthos was 34% 
greater with COM compared with NUL, but this difference was 
not significantly different at a = 0.05. Our findings of no change 
in tree biomass contrast with studies that found increased tree 
growth with surface applications of COM (Watson, 1988; Sæbø 
and Ferrini, 2006) and WC (Fraedrich and Ham, 1982; Litzow 
and Pellett, 1983; Hensley et al., 1988; Watson and Kupkowski, 
1991; Gilman and Grabosky, 2004; Montague et al., 2007; 
Ferrini et al., 2008). Unlike our study, most of these experiments 
were field based (often in nurseries), with larger-sized trees, and 
were of longer duration. In addition, these studies examined 
tree growth responses to COM and WC in higher-quality soils, 
whereas our study examined degraded soils to mimic typical 
urban soil conditions (compacted clay and sand soils). Others 

reported COM (Erhart and Hartl, 2003; Rumberger et al., 
2004; Yao et al., 2006) and WC (Arnold et al., 2005; Roberts, 
2006) to have no or even negative effects on tree growth. Erhart 
and Hartl, (2003) found decreases in the first year, increases in 
the second year, and no changes after the second year for Picea 
pungens (blue spruce) growth with COM applied as mulch. 
Both Rumberger et al. (2004) and Yao et al. (2006) found no 
improvements in tree growth of Malus spp. (apple) with preplant 
COM treatments in an orchard. Negative tree growth responses 
with COM and WC have been attributed to negative impacts on 
soil water associated with these materials being incorporated as 
backfill (Roberts, 2006) or with thick mulch applications, often 
exceeding 25 cm (Arnold et al., 2005).

Some increases (total tree and leaf for G. triacanthos and leaf 
for A. saccharum) in tree biomass were observed with the NK 
fertilizer relative to the control. This finding was expected given 
that inorganic fertilizers have long been used to supply nutrients 
for urban landscape trees (Chadwick, 1935, 1937; Himelick et 

Fig. 3. Correlation matrix and R2 values among leaf biomass, stem biomass, fine and coarse root biomass, total tree biomass, soil pH, plant-available 
N (PAN), total organic C (TOC), N mineralization (Nmin), and microbial respiration (RES). Data from 210 tree microcosms with Acer saccharum and 
Gleditsia triacanthos in silt loam, compact clay, and sand, treated with control (NUL) and six treatments: NK fertilizer (NK), aerated compost tea 
(ACT), compost (COM), wood chips (WC), biochar (BC), and biosolids (BS) applied as top-dressings over 18 mo in a greenhouse setting. Significance 
values: *, P < 0.05; **, P < 0.01; ***, P < 0.0001.
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al., 1965). Reviews of shade tree fertilization by Rose (1999) and 
Struve (2002) summarize the general consensus of increased tree 
growth with fertilization at 50 to 300 kg N ha-1 yr-1 (Smiley et 
al., 2002) and are in agreement with our findings of increase in 
tree growth with the NK fertilizer.

We found no significant differences in tree biomass for ACT 
compared with the control. This finding confirms Scharenbroch 
(2013), who found no increases in tree growth with ACT 
applications at 2, 4, and 40 kL ha-1 yr-1 to A. saccharum and 
Quercus macrocarpa (bur oak) saplings in sand, uncompacted 
loam, and compacted loam soils. Scharenbroch (2013) did find 
root, shoot, and total biomass to increase for Q. macrocarpa trees 
growing in compact loam at an application rate of 400 kL ACT 
ha-1 compared with a water control, but significant differences 
were not detected for this application rate compared with water 
in the other soil types and in no instances with A. saccharum 
saplings. We are not aware of other studies that have examined 
the effects of ACT on tree growth.

Soil Properties
We found BS to increase PAN, Nmin, and RES, confirming 

studies reporting BS to increase N availability (Burton and 
Hook, 1979; Brockway, 1983) and microbial activity (Terry et 
al., 1979; Lerch et al., 1992; Sikora and Yakovchenko, 1996). 
The BS used in this research were 1.7% N and had relatively 
low C/N ratios of 10/1 and so were likely to stimulate N 
mineralization and microbial activity (McGill and Cole, 
1981). Like others, we found BS to decrease soil pH (Harrison 
et al., 1994), which in these alkaline soils may be beneficial for 
nutrient availability and tree growth. We suspect the decrease 
in pH with BS was in part derived from H+ transfer processes 

associated with N mineralization and microbial respiration 
(Van Breemen et al., 1983).

Almost no information is currently available concerning how 
BC affects existing soil C and N stocks, microbial activity, and 
N mineralization (Wardle et al., 2008; Ippolito et al., 2012). 
We found significant increases in TOC in all soils with BC, 
but we did not differentiate whether this increase was from the 
C in BC or an increase in soil C. Biochar additions have been 
found to have a priming effect and accelerate decomposition of 
SOM (Liang et al., 2010; Cross and Sohi, 2011). We found a 
significant increase in RES with BC compared with the NUL 
control in the sand soils; this increase may have been from 
a priming effect. Compared with the silt loam (2.6%) and 
compact clay soils (1.85%), baseline C contents in these sand 
soils were low (0.11%), but SOM in the sand soils was likely 
minimally protected by physical and chemical processes (Six et 
al., 1998, 2002). In contrast to our findings for TOC and RES, 
we did not find PAN or Nmin to be affected by BC. Berglund 
et al. (2004) found increased nitrification with activated C in 
laboratory trials but not in field soils. They also found activated 
C plus glycine (a simple amino acid that is readily mineralized to 
NH4

+) to further stimulate N mineralization. Likewise, Gundale 
and DeLuca (2007) found increased Nmin with ponderosa pine- 
and Douglas fir-derived BC, but only when it was combined 
with glycine. Nitrogen immobilization is a commonly raised 
concern with BC due to its relatively high C/N ratio (Amonette 
et al., 2009; Chan and Xu, 2009). The BC in this research had 
low N content (0.4%) and high C/N ratio (160/1), which may 
be responsible for the nonresponses observed in PAN and Nmin 
with BC. It should be noted that BC is relatively recalcitrant, 
and thus the total C and N content may not accurately reflect 
what is actually available for microbial metabolism (Gundale and 
DeLuca, 2007). Biochar has been found to have a liming effect 
and increase soil pH (Verheijen et al., 2010). We did not observe 
changes in soil pH with BC. Starting soil pH values were high 
and rose during the experiment across all treatments, likely due 
to the alkaline nature of the irrigation water. We suspect that 
inherently high soil pH and buffering capacities were sufficient 
to mask any differences in pH that may have been induced from 
BC, which had a pH of 9.18.

Many researchers have reported beneficial effects of COM 
mulches on soil properties related to nutrient retention, SOM 
quality, and microbial activity (Tiquia et al., 2002; Rivero et 
al., 2004; Mulumba and Lal, 2008). Few studies have examined 
the effects of WC mulches on soil properties, but those that 
have report increases in soil nutrients and microbial activity 
with WC mulch (Litzow and Pellett, 1983; Arthur and Wang, 
1999). As expected, both COM and WC increased total organic 
C in all soils (except WC in silt loam). The silt loam soils had 
the highest TOC contents, so a dampened response for TOC 
in these soils was reasonable. Similar to the effects of BC, we 
observed increased RES in only the sand soils with COM and 
WC. We suspect a similar mechanism of increased RES with 
COM and WC associated with priming of unprotected SOM. 
Soil pH, PAN, and Nmin were not significantly different with 
COM and WC compared with NUL in these soils. We suspect 
soil pH did not differ with COM and WC due to the already-
discussed high pH values and soil buffering. Similar to BC, both 
COM and WC had comparatively higher C/N ratios (22/1 and 

Fig. 4. Tree biomass by plant-available N and microbial respiration. 
Data from 210 tree microcosms with Acer saccharum and Gleditsia 
triacanthos in silt loam, compact clay, and sand, treated with control 
(NUL) and six treatments: NK fertilizer (NK), aerated compost tea 
(ACT), compost (COM), wood chips (WC), biochar (BC), and biosolids 
(BS) applied as top-dressings over 18 mo in a greenhouse setting. 
Biomass is projected using a running average local smoothing 
technique and a 1.0 sampling proportion (tree biomass = 6.96 + 
14.0×RES + 0.0742×PAN, R2 = 0.34; P < 0.0001).



 Journal of Environmental Quality 

92/1, respectively) than the BS (10/1), likely responsible for the 
no effects we observed in PAN and Nmin with these materials.

Increased RES was observed with the NK fertilizer compared 
with NUL control for the compact clay and sand soils. Increases 
in RES with inorganic N fertilization have been reported 
(Dick, 1992). Short-term increases in RES with N fertilization 
have been attributed to increases in growth, litter inputs, and 
rhizodeposition (Bowden et al., 2004). We did not observe 
an increase in RES with NK in our silt loam soils. The higher 
background levels of RES in the silt loam soils may have masked 
any observable NK treatment response and/or microbial activity 
may have been limited by N supply in the sand and compact clay 
soils. Van Cleve and Moore (1978) found increased RES with 
NPK fertilization and attributed those increases to increased N, 
P, and also SOM levels in the soil. An important and commonly 
cited effect of N fertilization is soil acidification (Bünemann et al., 
2006). However, we did not observe any changes in soil pH with 
this NK fertilizer compared with the NUL treatment. Likewise, 

we were surprised that the NK fertilizer did not 
affect PAN or Nmin. Because we did not observe 
changes in PAN or Nmin with the NK fertilizer, we 
suspect the added N in inorganic fertilizer was taken 
up by the trees, immobilized by microbes, or lost via 
volatilization (Bouwman et al., 2002). It could also 
be that the N was lost via leaching, but we did not 
observe any significant differences in NO3

- leaching 
among these treatments.

The ACT did not affect any soil properties. Few 
studies are available for comparison for the effects of 
ACT on soil properties. Those studies that have been 
performed on the effects of ACT on soil properties 
have found minimal impacts. Hargreaves et al. 
(2008) found no differences in soil nutrients (Ca2+, 
Mg2+, and K+) after applying nonaerated compost 
teas made from municipal waste and ruminant 
compost. Scharenbroch et al. (2011) found no 
changes in soil pH, available nutrients (Ca2+, Mg2+, 
K+, NH4

+, NO3
-, dissolved organic N), total C and 

N, microbial biomass N, microbial respiration, and 
N mineralization with 22.4 kL ACT ha-1 compared 
with a water control in A and Bt horizon soils. 
Scharenbroch, (2013) found increases in soil K+ 
and microbial biomass N, and decreases in plant 
available N at application rates of 400 kL ACT ha-1 
but no changes in 17 other soil properties at this or 
lesser application rates of ACT. The application of 
ACT in this experiment was 100 kL ACT ha-1, and 
our results are in agreement with these other studies, 
finding minimal impacts of ACT on soil properties.

Nutrient Leaching
Nutrient leaching losses are a concern with both 

inorganic and organic fertilizers (Eghball et al., 
1996; Bergström and Kirchmann, 1999). Inorganic 
fertilizer salts are soluble, thus nutrients are 
immediately available for uptake, and also thought 
to be more prone to leaching losses (Smith and 
Hadley, 1989). However, nutrients may be released 
from organic materials at times when plant uptake 

is low (Havlin et al., 2005). Biosolids are nutrient-rich and many 
studies have reported significant increases in nutrient leaching 
with their applications (Medalie et al., 1994). Studies often 
report decreases in nutrient leaching with additions of BC due 
to its high adsorption capacity (Lehmann et al., 2003; Laird et al., 
2010; Singh et al., 2010). Altland and Locke, (2012) found BC 
amendments to be effective at moderating extreme levels of nitrate 
in container substrates over time. We are aware of only one study 
that has examined nutrient leaching with ACT. Scharenbroch, 
(2013) found no differences in NO3

- leaching with five ACT 
application rates (0, 2, 4, 40, and 400 kL ACT ha-1).

We found low concentrations of NO3
- in leachates and 

no significant differences among the five organic treatments, 
inorganic fertilizer, and control. The N applied in these 
treatments (38–428 kg N ha-1 yr-1) was within the range of 
specifications for N demands for urban trees (Smiley et al., 
2002), so it is reasonable to expect that the majority of the added 
N was taken up by trees. Nitrogen not taken up by trees may have 

Fig. 5. Plant-available N, microbial respiration, and total tree biomass by N applied in 
seven treatments: control (NUL), NK fertilizer (NK), aerated compost tea (ACT), compost 
(COM), wood chips (WC), biochar (BC), and biosolids (BS). Means across three soil types 
(silt loam, compact clay, and sand) and two species (Acer saccharum and Gleditsia 
triacanthos). R2 and P values are given.
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been immobilization by microbes, retained on the soil exchange 
sites, or possibly lost through volatilization. Moderate rates of 
dentrification may have occurred in these alkaline soils; however, 
the moisture contents were maintained below saturation, which 
is ideal for dentrification (Bremner and Shaw, 1958).

We observed increased DOC in leachates with BS and 
COM. Kaschl et al. (2002) found increases in water-soluble 
organic matter with municipal solid waste compost below the 
rooting zone in sandy soils but also found significantly reduced 
mobility of dissolved organic matter in loamy soils. They found 
that the vertical displacement of trace metals (Cu, Ni, and Zn) in 
calcareous soils resulted primarily from the presence of mobile 
metal–organic complexes in the soil solution after compost 
addition. The increases in DOC we observed with BS and COM 
may be important considering others have reported increases 
in metal mobility with municipal solid waste compost (Zhou 
and Wong, 2001; Madrid et al., 2007). We did not specifically 
measure metal concentrations in leachates, and further studies 
are needed to examine the risk of metal leaching with DOC in 
urban soils treated with these materials.

Management Implications
Our tree biomass models suggest increases in tree growth are 

coupled with increases in soil N and microbial activity. Positive 
feedbacks among tree growth, soil nutrients, and microbial 
activity are well established in the research literature (Grayston 
et al., 1997; Binkley and Giardina, 1998). Furthermore, we 
found the N added in treatments explained positive responses in 
soil and tree properties. Tree growth is known to be limited by 
N supply, especially on poorly developed soils with low fertility 
(Vitousek and Farrington, 1997). Future research should 
quantify in more detail the uptake and movement of N in the 
trees, specific pools of soil N, and potential N loss pathways to 
better identify mechanisms for increased tree and microbial 
growth with these treatments.

In this research, two organic mulches, BS and BC, appeared 
to have greatest impact on tree growth and soil properties. As 
discussed above, organic mulches have broad impacts on soil 
physical, chemical, and biological properties. In this study, 
urban tree growth appeared to be limited by N supply. This was 
particularly evident with the BS treatment, in which we observed 
the greatest increases in tree growth and also the greatest amount 
of N supplied. However, other factors not measured in this study 
(e.g., aggregation, porosity, water and air distribution and flow, 
other macro- and micronutrients, and potential contaminants) 
may have been impacted by these treatments with subsequent 
effects on tree growth. In particular, it did not appear that the 
N applied in the BC was a strong predictor of tree biomass. We 
suspect increases in tree growth with BC may have been derived 
from a combination of many of these effects. Spokas et al. (2012) 
pointed out that nutrient supply alone is not sufficient to explain 
all plant responses after BC amendments. Future research should 
assess the effects of these organic mulches on these additional soil 
properties in field-based and longer-term research.

Tree biomass with both BS and BC exceeded or was equal 
to what was observed with the NK fertilizer at the standard 
application rate of 220 kg N ha-1 yr-1 (Smiley et al., 2002). The N 
applied in this experiment with BS and BC was 427 and 193 kg 
N ha-1 yr-1, respectively. No standards currently exist for either 

BS and BC application to urban trees, but these findings and 
those of others suggest BS and BC be applied as top-dressings or 
mulches at moderate rates (<75 Mg ha-1) (Spokas et al., 2012). 
As a starting point, application rates for these products could be 
computed based by matching the N content of the material with 
the tree demand. Assuming the tree demand of 220 kg N ha-1 
yr-1, appropriate application rates for BS and BC may be 13 and 
55 Mg ha-1 yr-1, respectively.

The use of BS and BC for urban tree and soil management 
is attractive given the many potential environment benefits. 
Both are generated from waste products, and land applications 
would divert materials that may otherwise end up in landfills. 
MacFarlane, (2009) estimated that 54% of annual yields from 
urban trees and yard trimmings in the United States may be 
going to landfills. In the United States, more than 180 million 
Mg of municipal solid waste is generated per year, with about 
21 million Mg from wood waste and 12 million Mg from urban 
trees and yard wastes (McKeever, 1999; McKeever and Skog, 
2003).

Biochar has additional potential benefits of bioenergy 
production and C sequestration. Urban forestry and 
arboriculture might be well suited for mobile fast-pyrolysis 
systems that could convert urban wood waste into bio-oil, 
syngas, and BC (Bridgewater, 2004). Units could be strategically 
located at or near biomass removal locations to convert low-value 
urban wood waste into easily stored and transportable fuel to be 
used for heat, power, and chemical production (Garcia-Perez et 
al., 2007). The BC produced could then be returned to the site 
as a means for improving urban soil quality and storing C in soil 
(Lehmann, 2007). Research is still in its infancy on the economic 
feasibility of bioenergy production systems and BC application 
using residual woody biomass from forest management activities 
(McElligott et al., 2011), but these efforts may be useful for 
adaption to the urban forest wood utilization.

Questions remain pertaining to the potential environmental 
contamination with BS (e.g., various organic compounds, 
pharmaceuticals, trace metals) (Clarke and Smith, 2011; Lu 
et al., 2012). Similar concerns have been identified with BC 
(e.g., polycyclic aromatic hydrocarbons, trace metals), but 
some recent findings report BC to enhance sorption of these 
contaminants, essentially reducing their bioavailability (Beesley 
et al., 2010; Chen and Yuan, 2011; Gomez-Eyles et al., 2011). 
More research is required regarding the persistence and toxicity 
of these potential contaminants before implementing a BS or BC 
program for managing urban soils for trees.

Conclusions
This study found that BC and BS are acceptable, and possibly 

preferable, soil improvement mulching materials compared with 
more commonly applied materials (N fertilizer, COM, WC, and 
ACT). Biosolids decreased soil pH and increased tree growth, 
available N, N mineralization, and microbial respiration. 
Increased tree growth and total organic C were found with BC. 
Nitrate losses in leachates were minimal with all treatments, 
but we did observe increases in leachate dissolved organic C 
with BS and COM. Tree growth was best modeled with soil 
N availability and microbial respiration. The N content in the 
treatments appeared to be an important predictor for tree growth 
for all treatments except BC, suggesting the effects of BC for soil 
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quality improvement are not limited to N supply. Biosolids and 
BC applied to urban landscapes would divert materials from 
landfills. This research provides support that these materials 
would also improve soil quality and tree growth.
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