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Abstract
The Oronogo-Duenweg mining belt is a designated United States Environmental Protection Agency Superfund site due to 
lead-contaminated soil and groundwater by former mining and smelting operations. Sites that have undergone remediation—
in which the O, A, and B horizons have been removed alongside the lead contamination—have an exposed C horizon and 
are incalcitrant to revegetation efforts. Soils also continue to contain quantifiable Cd and Zn concentrations. To improve soil 
conditions and encourage successful site revegetation, our study employed three biochars, sourced from different feedstocks 
(poultry litter, beef cattle manure, and lodgepole pine), at two rates of application (2.5%, and 5%), coupled with compost 
(0%, 2.5% and 5% application rates). Two plant species—switchgrass (Panicum virgatum) and buffalograss (Bouteloua 
dactyloides)—were grown in the amended soils. Amendment of soils with poultry litter biochar applied at 5% resulted in 
the greatest reduction of soil bioavailable Cd and Zn. Above-ground biomass yields were greatest with beef cattle manure 
biochar applied at 2.5% with 5% compost, or with 5% biochar at 2.5% and 5% compost rates. Maximal microbial biomass 
was achieved with 5% poultry litter biochar and 5% compost, and microbial communities in soils amended with poultry 
litter biochar distinctly clustered away from all other soil treatments. Additionally, poultry litter biochar amended soils had 
the highest enzyme activity rates for β-glucosidase, N-acetyl-β-D-glucosaminidase, and esterase. These results suggest that 
soil reclamation using biochar and compost can improve mine-impacted soil biogeophysical characteristics, and potentially 
improve future remediation efforts.
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1 Introduction

Mining activity serves as one of the primary anthropogenic 
agencies for heavy metal deposition into the environment. 
The resultant heavy metal accumulations in soil, water, 
and sediments create long-term concerns for the health of 
impacted ecosystems. These health risks extend not only 
to aquatic and terrestrial plant and animal species, but also 
the soil microbial communities that provide vital ecosys-
tem services within these impacted environments (Ali et al. 
2019). Given the nondegradable nature of heavy metals, they 
remain a continual strain on mine-impacted ecosystems until 
such a time as they are either removed (e.g., excavation cou-
pled with storage in a repository, soil washing) or seques-
tered (e.g., in situ stabilization, phytoremediation) (Dhali-
wal et al. 2020). Some methods, such as excavation, solely 
address heavy metal remediation, while others, such as phy-
toremediation, presuppose a soil matrix conducive to plant 
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growth and heavy metal bioavailability (Ali et al. 2013). In 
contrast, a mounting body of evidence indicates that biochar 
can significantly reduce heavy metal bioavailability while 
concomitantly reconditioning the soil to improve its overall 
health (Ippolito et al. 2019).

The relationship between the health of a soil and its biota 
is inextricable (Lehman et al. 2015). Soil microbial com-
munities drive nutrient cycling processes, assist in soil for-
mation (Lian et al. 2008), and contribute to soil structure 
(Amellal et al. 1999; Bossuyt et al. 2001). In addition to the 
aforementioned roles soil microbial communities play, they 
also provide an additional number of critical ecosystem ser-
vices that include, but are not limited to the following: ero-
sion control, reduction of plant pathogens, bioremediation 
of pollutants, and regulation of atmospheric gases (Barrios 
2007; Singh 2015). Regrettably, soil microbial communi-
ties and—as a consequence—their functions and ecosystem 
services, are often deleteriously impacted by mining activi-
ties (Liao et al. 2005). It has been well documented that soil 
heavy metal accumulation leads to suppression of both soil 
microbial biomass and activity (Chander et al. 1995), over 
both short- and long-terms (Brookes and Mcgrath 1984). A 
survey by Zhao et al (2019) of mine-impacted soils revealed 
significant negative correlations between Cd, Cu, Pb, and Zn 
and soil microbial community characteristics (e.g., abun-
dance, diversity, uniformity). It should be noted that heavy 
metal toxicity derived from mining activities, while signifi-
cant, is not the only stressor on soil microbes. For example, 
acidity generated from metal sulfides exposed during the 
mining process, plays an equally impactful role in altering 
soil microbial community structure and function (Chen et al. 
2016). Considering these consequences, careful thought 
must be taken to create and utilize reclamation materials 
(e.g., biochar) that can improve soil functionality.

When care is taken in selecting biochars prior to their 
utilization, they prove more than capable of serving both 
remediation and reconditioning roles (Beesley et al. 2011; 
Kavitha et  al. 2018). Such success requires a thorough 
understanding of site conditions, combined with the selec-
tion of suitable feedstocks to design a treatment capable of 
mitigating on-site contamination while avoiding further 
disruptions to the environment post-application (Ippolito 
et al. 2019; Novak et al. 2013). A study by Reverchon et al. 
(2015) demonstrated improvement in soil chemical (e.g., 
pH, C/N ratio) and plant growth (e.g., photosynthetic N use 
efficiency) characteristics in a soil/mine rejects mixture after 
amendment with a jarrah-feedstock biochar, a biochar previ-
ously demonstrated to have liming properties, and be capa-
ble of improving N dynamics (Reverchon et al. 2014). In a 
parallel study to our report, Sigua et al. (2019) reported the 
ability of two manure-based biochars to significantly reduce 
water-soluble heavy metal (Cd and Zn) concentrations in 
contaminated soils, and significantly increase maize biomass 

for phytoremediation purposes. Additionally, Penido et al. 
(2019) reported that biochar coupled with sewage sludge 
was able to significantly improve grass germination, height, 
and biomass while concomitantly reducing bioavailable 
levels of Cd, Pb, and Zn in soils collected from a former 
Zn-mining site.

Although an overall significant body of evidence exists 
documenting the impacts of biochar amendment on mine-
impacted soil chemical and physical characteristics, there 
lacks a commensurate body of knowledge comparing the 
impact of biochar amendments on the biological charac-
teristics of mine-impacted soils. This paucity of informa-
tion creates a knowledge gap that threatens the viability of 
remediation and restoration efforts, particularly as it inhibits 
projection of soil health improvements both over the short 
and long term. This is highlighted by the aforementioned 
study by Reverchon et al. (2015) that called specifically for 
further investigation into the impact of biochar during mine 
reclamation on beneficial soil microorganisms. The authors 
argued that such research could provide insight into the sym-
biotic relationships between soil microorganisms and plants 
used for restoration purposes. To address this deficit, we 
focused on the soils of the Oronogo-Duenweg Mining Belt, 
one of the most documented, severely mine-impacted areas 
of the United States (ITRC 2010).

The Oronogo-Duenweg Mining Belt is an approximately 
700  km2 region comprised of 11 former mining areas located 
around the City of Joplin, MO, USA. This region is situated 
within the Tri-State Mining District, which was one of the 
largest Pb and Zn mining districts in the world before ore 
production ceased (USEPA 2013). Due to inefficiencies in 
the smelting process, approximately five percent of all ore 
was recovered as Pb/Zn concentrates, leaving the remain-
der as discarded mill waste to be surface applied in what is 
locally referred to as “chat piles” (Pierzynski and Vaillant 
2006). These mining wastes released toxic levels of not only 
Pb and Zn, but also Cd into the local soils, waterways, and 
sediments (Gutiérrez et al. 2020). In response to this major 
environmental threat, the Oronogo-Duenweg Mining Belt 
was placed onto the US Environmental Protection Agency’s 
(USEPA) National Priorities List in 1990, to be managed 
as a Superfund site. Attempted remediation of the Oron-
ogo-Duenweg Mining Belt Superfund site was conducted 
by disposing the Pb-contaminated waste material (USEPA 
2017). During the remediation process, Pb-contamination 
proved so extensive that soil O, A, and B horizons proved 
unsalvageable and therefore were removed, leaving the par-
ent material (C horizon) exposed. This parent material is 
characterized by poor water infiltration, large rock fragments 
(up to 15 cm in size), high residual Cd and Zn concentra-
tions, and generally poor soil fertility characteristics, leav-
ing a barren landscape. Such undesirable landscapes dis-
suade landowners against necessary remediation efforts. A 
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holistic approach to remediation would include restoration 
approaches, whereby solutions to restore soil fertility and 
return vegetation to the landscape would be incorporated 
into the overall cleanup effort. Such restoration approaches 
would ameliorate the biological, chemical, and physical 
issues of the parent material.

Therefore, the objective of this preliminary reclama-
tion study was to understand the impact of three biochars, 
designed from different feedstocks, on the chemical and 
biological characteristics of this mine-impacted, post-
remediation soil after amendment. We combined differing 
rates (2.5% and 5%) of biochar with differing rates (0%, 
2.5%, and 5%) of a manure-based compost, and examined 
mine soil microbial biomass, function, and structure. Since 
revegetation of mine-impacted lands is often considered a 
desired end goal, we looked at the growth of two grasses, 
buffalograss and switchgrass in mining impacted soils with 
biochar and compost amendments. Buffalograss was chosen 
for the study as an example of a native grass that could pro-
vide ground cover for animal species endemic to southwest 
Missouri. Switchgrass was chosen for its known tolerance to 
poor soil conditions (Skeel and Gibson 1996). The ultimate 
aim of this study was to utilize this data to inform on-site 
restoration efforts at sites within the Oronogo-Duenweg 
Mining Belt.

2  Materials and methods

2.1  Site description, soil characterization 
and preparation, and biochar preparation

The site is located outside of Webb City, MO, USA, within 
the Oronogo-Duenweg Mining Belt of the Tri-State Mining 
District. Typical for mine waste sites of this area, soil from 
the site was contaminated with Pb, Zn, and Cd. These heavy 
metals leached into the soil from the overlying chat piles, 
consisting of non-ore waste rock and tailings, deposited 
as waste after Pb and Zn extraction. During EPA-directed 
remediation efforts, the chat piles and any Pb-contaminated 
soil were removed until Pb levels reflected background con-
centrations (Johnson et al. 2016). At the site in question, 
cleanup efforts subsequently left the orange-colored subsoil 
layer exposed, a result typical for remediation in the area.

Prior to mining, the soil was mapped to the Reuter 
series (USDA Taxonomic Classification: Loamy, mixed, 
superactive, mesic, shallow Vitritorrandic Haploxerolls), 
while the exposed subsoil is an amalgamation of gravelly 
silt loam, cobbly clay, and 2–15-cm sized rock fragments. 
For the experiment, the exposed subsoil layer was collected 
by backhoe, deposited into 50-gallon, plastic-lined drums, 
and shipped to the Agricultural Research Service’s (US 
Department of Agriculture) Coastal Plains Soil, Water, and 

Plant Research Center, located in Florence, SC, USA. Upon 
arrival, the subsoil material was air-dried and sieved through 
a 12.7 mm screen to remove the larger coarse fragments. 
The remaining material (henceforth referred to as mining 
impacted soils) was stored in 50-gallon plastic-lined drums 
in anticipation of greenhouse experiments.

Three feedstocks were used to produce biochar in this 
study: first, a beef cattle manure (BC) taken from a local 
feedlot in Webb City, MO, USA, mixed 1:1 with locally 
sourced green waste, and weathered for two years prior to 
pyrolysis; second, lodgepole pine (Pinus contorta; LPP); 
and third, poultry litter (PL). The BC was sieved (6 mm), 
and pyrolyzed at 500 °C with a residence time of approxi-
mately 4 h (Novak et al. 2013). Both the LPP and PL bio-
chars were commercially sourced, with the PL gasified using 
proprietary methodology. The LPP was produced using a 
two-stage process (Ippolito et al. 2017), with the first stage 
performed at 500–700 °C in a low  O2 environment, with a 
residence time of < 1 min, and the second stage performed at 
300–550 °C in an anaerobic environment, with a residence 
time of 15 min. For a complete analysis of feedstock and 
biochar properties, please refer to Novak et al. (2019) and 
Sigua et al. (2019).

2.2  Experimental setup

The experiment was designed to be a 50-day greenhouse 
study conducted in pots (15 cm top diameter × 17 cm depth). 
Experimental treatments consisted of single biochar addi-
tions to mining impacted soils at rates of 2.5, and 5% (w/w) 
in combination with compost (e.g., unpyrolyzed BC feed-
stock) at rates of 0, 2.5, and 5% (w/w). Control treatments 
consisted of unamended, mine-impacted soils, as well as a 
pair (2.5% and 5.0%) of compost-only treatments. In addi-
tion to the biochar and compost treatments, two grasses—
switchgrass (Panicum virgatum) and buffalograss (Boutel-
oua dactyloides)—were included to assess their potential as 
ground cover candidates in future field restoration efforts. 
Each treatment combination was performed in triplicate, 
resulting in a total of 126 pots arranged in a completely 
randomized experimental design.

For each treatment, biochar and compost were added to 
1500 g of mine soil at their respective rates, and hand incor-
porated before being placed into pots and tamped down to 
achieve a bulk density of 1.5 g/cm3 (Novak et al. 2018). 
Seeds (20 per pot) were planted to a depth of 1 cm, and 
deionized water was added to bring the soil gravimetric 
moisture content to 15% (w/w) on an air-dry basis. Green-
house conditions for the 50-day study were as follows: mean 
air temperature of 29.1 ± 3.3 °C and mean relative humid-
ity 81 ± 9.4%. Pots were fertilized on Day 16, delivering an 
equivalent of 3 kg N/ha (in the form of  NH4NO3), to combat 
N-deficiency symptoms. All P and K were supplied by the 
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amendments. Soil moisture was monitored daily, and pots 
were irrigated by hand using tap water several times per 
week.

2.3  Soil and plant analysis

At the experimental end point, each pot was destructively 
sampled. Plant above-ground biomass, and soil subsam-
ples were harvested and oven-dried overnight at 60 °C and 
105 °C, respectively. Soil subsamples were extracted using 
0.01 M  CaCl2 for the determination of bioavailable Cd and 
Zn by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES), using a PerkinElmer Optima 7300 
DV ICP-OES (Waltham, MA, USA) according to Ippolito 
et al. (2017). Plant samples were digested using a hot block 
acid digestion method using concentrated  HNO3 at 60 °C 
for 30 min, immediately followed with the addition of 30% 
 H2O2 at 90 °C for 90 min (Huang and Schulte 1985). After 
digestion, Cd and Zn were determined by ICP-OES. Soil pH 
was measured using a 2:1 deionized  H2O: soil suspension 
(Novak and Watts 2005).

2.4  Phospholipid fatty acid (PLFA) analysis

Upon termination of the study, 15 g of fresh soil was also 
collected from each pot, lyophilized to maintain PLFA integ-
rity (Veum et al. 2019), and shipped on dry ice to MIDI Inc. 
(Newark, DE, USA) for high-throughput PLFA analysis as 
described by Buyer and Sasser (2012). PLFA’s with reten-
tion times lower than C14:0 and greater than C22:0 were 
removed prior to data analysis (Ducey et al. 2015).

2.5  Soil enzyme assays

Enzymatic activity levels for three extracellular enzymes: 
β-glucosidase (BG), N-acetyl-β-D-glucosaminidase (NAG), 
and acid phosphatase (AP); and one intracellular enzyme: 
esterase (EST), were determined by methods developed 
(Deng et al. 2011) and modified by Deng et al. (2013). A 
total of 2 g of soil was removed from each sample, split into 
1 g subsamples and slurried in 150 mL deionized water for 
30 min using a magnetic stir bar at 600 rpm. An additional 
1 g subsample was used to determine soil moisture content 
by drying for 12 h at 105 °C. In black, flat-bottom, 96-well 
plates (ThermoFisher, Waltham, MA, USA), 50 μL of Modi-
fied Universal Buffer (pH 5.5 in wells used to test NAG, 
pH 6.0 for all others), 50 μL of methylumbelliferyl-labeled 
enzyme substrate (MilliporeSigma, Burlington, MA, USA), 
and 100 μL aliquots of soil slurry were added to their respec-
tive wells and incubated at 37 °C for 1 h. After incubation, 
50 μL of 0.1 M THAM (pH 12) was added to each well to 
terminate the enzymatic reactions. Fluorescence was meas-
ured on a Biotek FLx800 Plate Reader (Biotek, Winooski, 

VT, USA) at 360-nm excitation and 460-nm emission. 
Methylumbelliferone standards (MilliporeSigma, Burling-
ton, MA, USA) were prepared in concentrations of 0–50 μM 
to develop standard curves for each soil suspension. Auto-
hydrolysis was measured by incubating substrate in deion-
ized water and used to correct final enzymatic activity rates 
(Deng et al. 2011), with any resulting negative assay values 
eliminated from analysis.

2.6  Statistical analysis

Analysis of variance and regression analyses were performed 
using Minitab 17 (Minitab Incorporated, State College, PA, 
USA). Analysis of variance (ANOVA) was conducted using 
the general linear model, with pairwise comparisons using 
Fisher’s Least Square Difference Method (LSD); differences 
between any two means were considered significant at a 
p < 0.05 and all usage of the word “significant” further in the 
text carries this connotation. Additionally, four-way ANOVA 
was performed in SAS using PROC GLM (SAS, 2000). The 
model included biochar type (BC), biochar application rate 
(BC%), plant species (P), and compost amendment rate 
(C%). To account for extraction efficiencies of PLFA from 
biochar-amended soils (Gomez et al. 2014), PLFAs were 
normalized as a ratio to C16:0 (Drijber et al. 2000). Addi-
tionally, PLFAs occurring at ratios below 0.02, in greater 
than 90% of samples in both grass treatment groups with 
no apparent treatment pattern, were omitted from the data 
set. This resulted in removal of 10 PLFA’s (32 remaining, 
excluding C16:0) from the analysis. Non-metric multidimen-
sional scaling (NMS) of microbial community population 
data was performed in PC-Ord v.6 (MJM Software Design, 
Gleneden Beach, OR, USA), with a secondary matrix con-
taining pH, plant above-ground biomass, soil Cd and Zn 
concentrations, and plant tissue Cd and Zn concentrations. 
PC-Ord v.6 was also used to determine effects of plant 
species and biochar type, as well as compost and biochar 
amendment rates on soil microbial communities via permu-
tational analyses of variance (PERMANOVA).

3  Results and discussion

3.1  Soil heavy metal concentrations post‑treatment

Concentrations (mg/kg) of Cd and Zn in soils, post-treat-
ment, are listed in Table 1. For the buffalograss portion of 
the study, except for the LPP 2.5% biochar/0% compost 
treatment, all other treatments significantly reduced bioavail-
able Cd and Zn concentrations as compared to the control. 
Compost-only treatments in buffalograss pots (amendment 
rates of 2.5% and 5%) resulted in significant (i.e., p < 0.05) 
reductions of bioavailable Cd and Zn. Addition of BC and 
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PL biochars further reduced Cd and Zn concentrations with 
concentrations significantly lower than their respective 
compost alone treatment. The most significant reductions 
for both heavy metals, when compared to unamended soil, 
occurred at the PL 5% biochar amendment rate (Table 1). 
Amendment of mining impacted soils with LPP biochar 
showed mixed results; the greatest reductions in Cd and Zn 
concentrations occurred at the rate of LPP 2.5% biochar/5% 
compost (Table 1), and increasing the application rate of 
biochar did not result in a further reduction of heavy metal 
concentrations (Table 1).

A complete discussion of bioavailable Cd and Zn in 
switchgrass pots can be found in Novak et al. (2019). Briefly, 
for compost-only treatments, only compost added at a rate 
of 5% to the mining impacted soils demonstrated a signifi-
cant reduction in Cd and Zn concentrations. All BC and 
PL biochar treatments—with the exception of BC 2.5%/0% 
compost—significantly reduced concentrations of Cd and Zn 
as compared to the control soil (Table 1), and addition of BC 
and PL biochar—but not LPP biochar—to compost consist-
ently resulted in significantly greater reductions in heavy 
metal concentrations than a similar rate of compost alone. 
As with the buffalograss portion of the study, PL 5% biochar 

treatments resulted in the greatest reductions in heavy metal 
concentrations. LPP biochar alone did not result in a sig-
nificant reduction in Cd or Zn concentration as compared 
to the control, and only LPP 2.5% biochar/2.5% compost 
resulted in a significant reduction in Zn over compost-only 
at a similar rate (Table 1).

Decreases in soil bioavailable Cd and Zn concentrations 
after biochar amendment are attributable, in large part, to 
changes in soil pH (Table 2). For buffalograss, the influence 
of pH on soil bioavailable Cd (R2 = 0.89) and Zn (R2 = 0.94) 
concentrations was significant. Similar results were observed 
for switchgrass, with significant influence of pH on soil bio-
available Cd (R2 = 0.82) and Zn (R2 = 0.86) concentrations. 
Certain biochars, especially those derived from poultry lit-
ter (Revell et al. 2012), have been previously demonstrated 
to have liming potential (Singh et al. 2017). The ability to 
increase soil pH, especially in mining impacted soils which 
are often highly acidic, has been demonstrated to be a critical 
factor during revegetation efforts (Goecke et al. 2011; Phil-
lips et al. 2016). The benefits of liming are many, such as: 
increasing soil pH decreases heavy metal solubility (Chuan 
et al. 1996); major plant nutrients are most plant-accessible 
in the near neutral pH range (Alam et al. 1999); and roots 

Table 1  Soil bioavailable (as determined by  CaCl2 extraction) Cd and Zn concentrations after biochar and compost amendment (n = 3 per treat-
ment)

† Mean and SE
‡ Means that do not share a letter within the same column are significantly different (p < 0.05)

Biochar % Biochar % Compost Buffalograss Switchgrass

Cd (mg/kg) Zn (mg/kg) Cd (mg/kg) Zn (mg/kg)

Control 0 0 24.3 ± 0.2† a‡ 399.1 ± 3.9 a 20.2 ± 5.7 ab 346.7 ± 88.1 a
Compost-only 0 2.5 19.7 ± 0.4 b 343.9 ± 3.6 b 19.3 ± 0.5 abc 335.3 ± 5.4 a
 Compost-only 0 5 12.1 ± 0.1 efg 236.9 ± 0.7 d 12.4 ± 0.3 fg 242.5 ± 4.2 cde

Beef cattle manure 2.5 0 17.7 ± 0.5 d 306.3 ± 6.9 c 17.1 ± 0.4 bcde 301.2 ± 4.6 abc
 Beef cattle manure 2.5 2.5 13.2 ± 0.3 e 245.7 ± 6.2 d 14.2 ± 0.3 def 257.6 ± 6.0 bcde
 Beef cattle manure 2.5 5.0 8.2 ± 0.2 h 159.0 ± 4.6 fg 8.7 ± 0.1 gh 167.1 ± 1.8 fg

Beef cattle manure 5.0 0 12.7 ± 0.4 ef 209.9 ± 4.8 e 12.3 ± 0.1 fg 212.4 ± 2.8 def
 Beef cattle manure 5.0 2.5 8.0 ± 0.6 h 149.0 ± 11.8 g 8.6 ± 0.3 gh 157.1 ± 7.4 fgh
 Beef cattle manure 5.0 5.0 4.8 ± 0.4 i 88.1 ± 8.5 i 5.4 ± 0.3 hij 104.5 ± 7.8 gh
 Poultry litter 2.5 0 10.2 ± 0.5 g 180.9 ± 6.0 f 11.4 ± 0.8 fg 203.1 ± 14.8 ef

Poultry litter 2.5 2.5 6.9 ± 0.1 h 120.2 ± 2.0 h 6.5 ± 0.1 hi 124.7 ± 1.7 gh
 Poultry litter 2.5 5.0 4.2 ± 0.3 i 69.7 ± 5.1 i 5.1 ± 0.2 hij 94.7 ± 4.1 h
 Poultry litter 5.0 0 3.8 ± 0.3 i 39.3 ± 2.9 j 2.5 ± 0.2 ij 26.9 ± 1.2 i

Poultry litter 5.0 2.5 1.8 ± 0.1 j 17.7 ± 1.7 j 1.9 ± 0.1 j 18.3 ± 1.3 i
 Poultry litter 5.0 5.0 1.6 ± 0.2 j 17.7 ± 3.3 j 1.4 ± 0.1 j 14.1 ± 0.3 i
 Lodgepole pine 2.5 0 23.8 ± 0.8 a 400.5 ± 6.8 a 18.7 ± 3.4 abc 311.2 ± 47.2 ab

Lodgepole pine 2.5 2.5 17.1 ± 0.6 d 316.6 ± 8.9 c 15.4 ± 0.4 cdef 268.8 ± 5.2 bcd
 Lodgepole pine 2.5 5.0 10.9 ± 0.4 fg 207.5 ± 7.2 e 11.2 ± 0.2 fg 207.4 ± 3.8 def
 Lodgepole pine 5.0 0 19.6 ± 2.4 bc 326.0 ± 32.1 bc 22.5 ± 0.9 a 340.4 ± 8.7 a
 Lodgepole pine 5.0 2.5 17.7 ± 0.2 cd 309.3 ± 1.8 c 18.0 ± 0.2 bcd 298.2 ± 3.3 abc
 Lodgepole pine 5.0 5.0 13.6 ± 0.6 e 247.9 ± 5.7 d 13.8 ± 0.3 ef 245.7 ± 5.3 cde
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can suffer low pH injury in highly acidic soils (Arnon and 
Johnson 1942). In addition to its liming potential, biochar 
has been demonstrated to sequester heavy metals by bind-
ing them to oxygen-containing surface functional groups 
(Uchimiya et al. 2011), or causing oxide, hydroxide, and car-
bonate phase heavy metal precipitation (Ippolito et al. 2019). 
Also, manure-derived biochars such as PL typically contain 
relatively high P concentrations (Ippolito et al. 2020), and 
thus may have the potential to chemically immobilize Cd 
and Zn as phosphate mineral precipitates (Andrunik et al. 
2020). All three biochars chosen for inclusion in this study 
were selected because they demonstrated excellent heavy 
metal removal qualities (Ippolito et al. 2016).

3.2  Above‑ground plant biomass and tissue heavy 
metal concentrations

ANOVA results indicated that plant species did influence 
above-ground biomass (AGB; Supplemental Tables 1 and 
2), with results graphically displayed in Fig. 1. For buf-
falograss (Fig. 1a), only 4 treatments out of 20 resulted in 
AGB significantly greater than the control. Three of these 
treatments were soils amended with BC biochar: 2.5% bio-
char/5% compost; 5% biochar/2.5% compost; and 5% bio-
char/5% compost, which resulted in buffalograss AGB levels 
(0.51 ± 0.10 g) significantly greater than all other treatments 

(Fig. 1a). The fourth significant treatment over the control 
soil was PL 2.5% biochar/0% compost.

For switchgrass, 13 of 20 treatments showed significant 
increases in switchgrass AGB over the control (Fig. 1b), and 
the influence on AGB by both biochar type and compost 
application rate were significant (Supplemental Tables 1 and 
2). This included five of six BC treatments, all PL treat-
ments, and one LPP treatment. For BC biochar, the only 
treatment not have a significant increase in switchgrass AGB 
was BC 2.5% biochar/0% compost; conversely, for LPP bio-
char, the only treatment resulting in a significant increase 
in switchgrass AGB was 2.5% biochar/5% compost. Maxi-
mal AGB values were achieved only when biochar treat-
ments incorporated compost amendment. The three highest 
amounts of switchgrass AGB were attained with BC biochar 
under the following treatments: 2.5% biochar/5% compost 
at 1.64 ± 0.16 g; 5% biochar/2.5% compost at 1.79 ± 0.12 g; 
and 5% biochar/5% compost at 1.71 ± 0.38 g. Interestingly, 
while two of the three highest AGB values were achieved 
with 5% BC biochar amendment rates, AGB values for PL 
and LPP biochar were highest with a 2.5% biochar amend-
ment. These results may be explained by Novak et al. (2019), 
who hypothesized on the possibility of increased pH levels 
leading to lower accessibility to P and other micronutri-
ents for switchgrass at the highest PL amendment rate (i.e., 
5%). For LPP biochar, higher pH levels were not a cause of 

Table 2  Soil pH after biochar 
and compost amendment (n = 3 
per treatment)

† Mean and SE
‡ Means that do not share a letter in the same column are significantly different (p < 0.05)

Biochar % Biochar % Compost Buffalograss pH Switchgrass pH

Control 0 0 4.33 ± 0.01† p‡ 4.33 ± 0.04 l
Compost-only 0 2.5 4.59 ± 0.04 mn 4.73 ± 0.02 j
Compost-only 0 5 4.94 ± 0.03 jk 5.09 ± 0.06 g
Beef cattle manure 2.5 0 4.74 ± 0.03 lm 4.96 ± 0.03 hi
Beef cattle manure 2.5 2.5 4.98 ± 0.03 ijk 5.10 ± 0.08 g
Beef cattle manure 2.5 5.0 5.27 ± 0.18 gh 5.51 ± 0.03 f
Beef cattle manure 5.0 0 5.13 ± 0.07 hij 5.15 ± 0.11 g
Beef cattle manure 5.0 2.5 5.39 ± 0.12 fg 5.71 ± 0.06 d
Beef cattle manure 5.0 5.0 5.82 ± 0.04 d 5.87 ± 0.02 c
Poultry litter 2.5 0 5.53 ± 0.05 ef 5.57 ± 0.03 ef
Poultry litter 2.5 2.5 5.72 ± 0.03 de 5.68 ± 0.02 de
Poultry litter 2.5 5.0 6.06 ± 0.11 c 5.84 ± 0.01 c
Poultry litter 5.0 0 6.27 ± 0.03 b 6.41 ± 0.05 b
Poultry litter 5.0 2.5 6.46 ± 0.05 ab 6.48 ± 0.03 ab
Poultry litter 5.0  5.0 6.49 ± 0.07 a 6.60 ± 0.06 a
Lodgepole pine 2.5  0 4.39 ± 0.05 op 4.47 ± 0.03 k
Lodgepole pine 2.5 2.5 4.67 ± 0.06 lmn 4.85 ± 0.02 ij
Lodgepole pine 2.5 5.0 5.14 ± 0.07 hi 5.10 ± 0.04 g
Lodgepole pine 5.0 0 4.54 ± 0.03 no 4.57 ± 0.02 k
Lodgepole pine 5.0 2.5 4.80 ± 0.04 kl 4.80 ± 0.02 j
Lodgepole pine 5.0 5.0 5.01 ± 0.06 ij 5.06 ± 0.01 gh
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concern, with a soil pH range of 4.54 to 5.06 for amended 
soils.

Plant tissue heavy metal concentrations are shown in 
Table 3. In buffalograss, BC and PL biochar amendments 
both significantly reduced Cd and Zn tissue concentra-
tions as compared to the control. For LPP biochar, only 
LPP 2.5%/5% compost, and the two LPP 5% biochar with 

compost treatments resulted in significantly lower Cd and Zn 
concentrations as compared to the control. For switchgrass, 
the BC and PL results were similar; five of six BC biochar 
treatments and all PL biochar treatments resulted in signifi-
cantly lower Cd and Zn tissue concentrations. Similarly, 
LPP biochar also fared better, with Cd being significantly 
reduced as compared to the control in compost-containing 

Fig. 1  Above-ground biomass (ABG) for buffalograss (Panel A) and switchgrass (Panel B). Bars that do not share a letter, within a grass species, 
are significantly different (p < 0.05). An (*) denotes significant differences (p < 0.05) for that treatment between grass species
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treatments, while all treatments containing LPP biochar led 
to a significant reduction in Zn tissue concentration when 
compared to the control soil.

Overall, for both grasses, BC biochar provided the great-
est AGB yields, followed by PL biochar. Likewise, these 
two biochars resulted in lower Cd and Zn tissue concen-
trations in more treatment combinations than LPP biochar. 
It should be noted that AGB yields with buffalograss were 
generally less than half of those achieved with switchgrass, 
with many of the biochar/compost treatments failing to yield 
numbers significantly greater than the control. These results 
potentially indicate that buffalograss, at least in compari-
son to switchgrass, may not be the most suitable candidate 
for revegetation efforts in this disturbed soil. In a study by 
Nelson et al. (2015) looking at the phytoremediation of iron 
mine tailings, they hypothesized that quailbush might be a 
more resilient plant species over buffalograss in extended 
adverse soil conditions. However, if soil conditions can be 
significantly improved, buffalograss could be a viable candi-
date for revegetation efforts. A study by Robins, performed 
at high-elevation and semi-arid conditions, demonstrated 
that switchgrass, a warm-season grass, was more produc-
tive during the summer, but cold-season grasses such as 
buffalograss were able to generate more biomass across the 

entire growing season (Robins 2010). Regarding biochar, 11 
of 12 treatments (across both grass studies) containing LPP 
biochar failed to increase AGB as compared to the controls, 
indicating that LPP biochar may not be as suitable a can-
didate for assisting in revegetation efforts in this study soil 
regardless of plant species used.

3.3  Microbial biomass

Total PLFA concentrations were used to determine micro-
bial biomass for all treatments (Fig.  2). For treatments 
planted with buffalograss (Fig. 2a), microbial biomass in 
biochar treatments sans compost trended upward, but only 
PL was significant compared to the control soil. Increas-
ing compost from 2.5% to 5% led to significant increases in 
microbial biomass for all treatments (Fig. 2a) as compared 
to the control. However, when compared to the compost-
only treatments, only BC 5% biochar/5% compost, and 
all PL biochar treatments resulted in significantly greater 
microbial biomass values (Fig. 2a). Microbial biomass con-
centrations for BC and LPP were similar across treatments 
except for the 5% biochar/5% compost treatment, where BC 
biochar resulted in greater microbial biomass. PL biochar 
on the other hand resulted in significantly greater microbial 

Table 3  Buffalograss and switchgrass tissue Cd and Zn concentrations after biochar and compost amendment (n = 3 per treatment)

† Mean and SE
‡ Means that do not share a letter within the same column are significantly different (p < 0.05)

Biochar % Biochar % Compost Buffalograss Switchgrass

Cd (mg/kg) Zn (mg/kg) Cd (mg/kg) Zn (mg/kg)

Control 0 0 133.8 ± 33.9†ab‡ 3286.5 ± 690.9 ab 356.7 ± 70.8 a 8469.1 ± 1807.7 a
Compost-only 0 2.5 96.4 ± 5.0 bcde 2858.0 ± 264.2 bc 237.2 ± 44.5 abcd 5663.5 ± 1185.6 abc
 Compost-only 0 5 58.3 ± 11.9 cdef 2012.1 ± 364.3 bcde 89.6 ± 12.1 ef 2046.6 ± 275.2 def
 Beef cattle manure 2.5 0 59.1 ± 21.5 cdef 1801.0 ± 601.5 cdef 297.9 ± 34.0 ab 7016.4 ± 732.6 ab

Beef cattle manure 2.5 2.5 35.9 ± 12.6 f 1234.9 ± 409.4 efg 85.3 ± 5.4 ef 1715.5 ± 135.5 efghi
 Beef cattle manure 2.5 5.0 29.3 ± 2.5 f 1105.2 ± 41.0 efg 61.8 ± 9.5 ef 1063.2 ± 140.5 fghi
 Beef cattle manure 5.0 0 47.5 ± 2.0 def 1536.6 ± 75.5 defg 80.5 ± 8.5 ef 1546.9 ± 119.7 fghi

Beef cattle manure 5.0 2.5 36.1 ± 3.4 f 1285.8 ± 130.1 efg 56.6 ± 6.0 ef 868.8 ± 70.6 ghi
 Beef cattle manure 5.0 5.0 26.1 ± 0.6 f 851.2 ± 30.4 efg 48.4 ± 4.2 f 673.1 ± 74.6 ghi
 Poultry litter 2.5 0 61.9 ± 34.7 cdef 1114.8 ± 497.5 efg 174.5 ± 4.3 bcde 1864.2 ± 30.7 efgh

Poultry litter 2.5 2.5 60.5 ± 4.6 cdef 827.6 ± 67.7 efg 100.9 ± 6.7 ef 833.7 ± 43.4 ghi
 Poultry litter 2.5 5.0 45.2 ± 2.1 def 661.5 ± 38.4 fg 86.2 ± 7.0 ef 695.3 ± 54.6 ghi
 Poultry litter 5.0 0 48.8 ± 11.8 def 374.2 ± 87.4 g 90.9 ± 5.5 ef 411.9 ± 40.9 hi

Poultry litter 5.0 2.5 38.1 ± 0.3 ef 419.4 ± 55.7 g 70.2 ± 14.5 ef 369.6 ± 66.5 hi
 Poultry litter 5.0 5.0 31.4 ± 0.7 ef 471.7 ± 49.4 fg 83.0 ± 8.6 ef 275.9 ± 17.8 j
 Lodgepole pine 2.5 0 180.9 ± 35.0 a 4240.6 ± 833.3 a 321.2 ± 35.6 a 6785.9 ± 592.6 b

Lodgepole pine 2.5 2.5 103.6 ± 38.3 bcd 2663.6 ± 931.6 bcd 147.0 ± 5.9 cdef 3225.0 ± 142.0 de
 Lodgepole pine 2.5 5.0 31.4 ± 3.3 f 1093.6 ± 133.7 efg 72.0 ± 4.0 ef 1393.9 ± 95.0 fghi
 Lodgepole pine 5.0 0 115.9 ± 35.8 bc 2689.4 ± 995.1 bcd 240.8 ± 30.2 abc 4679.7 ± 603.7 cd

Lodgepole pine 5.0 2.5 32.5 ± 16.7 f 1236.3 ± 204.7 efg 115.2 ± 7.3 def 2523.9 ± 185.4 ef
 Lodgepole pine 5.0 5.0 48.8 ± 32.1 def 655.5 ± 92.3 fg 93.5 ± 12.4 ef 1842.4 ± 193.3 efgh
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biomass under all treatments when compared to BC and LPP 
(Fig. 2a), with maximal microbial biomass achieved with 
PL 5% biochar/5% compost (mean: 52.2 nmol  g−1 dry soil). 
This may be attributable to the higher nutrient content of PL 
biochar—particularly N, P, and S—as compared to both the 
BC and LPP biochars (Sigua et al. 2019).

In treatments planted with switchgrass, patterns for 
microbial biomass across treatments were similar to those 
for buffalograss. One exception was that, in addition to PL 
biochar with no compost, BC biochar with no compost also 
resulted in significantly greater microbial biomass values 
as compared to the control soil. When compared to com-
post-only treatments, all BC 5% biochar treatments, and all 

PL biochar treatments were significantly greater than their 
compost-only counterparts (Fig. 2b). Microbial biomass 
concentrations for the 2.5% application rate of BC and LPP 
biochars were similar, though the 5% treatments for these 
two biochars diverged, with LPP treated soils having signifi-
cantly lower microbial biomass values. When compared to 
BC and LPP, PL biochar led to significantly greater micro-
bial biomass values in 11 of 12 treatments (5 of 6 BC; 6 of 
6 LPP; Fig. 2b). Interestingly, as determined by Novak et al. 
(2019) the LPP used in this study had a higher C content, 
that—if not purely in recalcitrant form—may potentially 
encourage greater overall microbial growth. However, the 
PL biochar had the greater N content, and therefore a lower 

Fig. 2  Microbial biomass based on total PLFA. Buffalograss is in Panel A, switchgrass in Panel B. Bars that do not share a letter, within a grass 
species, are significantly different (p < 0.05). An (*) denotes significant differences (p < 0.05) for that treatment between grass species
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C:N ratio. Eiland et al. (2001) demonstrated lower C:N 
ratio composts, early in the composting process, resulted 
in greater microbial biomass gains over their higher C:N 
ratio compost counterparts; as such, microbes favored non-
nitrogen limiting conditions early in the process. Later in the 
composting process however, those microbial biomass pat-
terns inverted, and the higher C:N ratio composts had greater 
microbial biomass values as compared to the lower C:N ratio 
composts. It is possible that the use of PL biochar when 
reclaiming soils may have an important role in boosting 
early microbial biomass numbers, which will allow soils to 
increase microbial numbers early in the reclamation process. 
Likewise, addition of LPP biochar in mine-impacted soils, 
while not potentially beneficial for initial plant or microbial 
biomass, may net long-term gains as reclaimed soils mature 
and the microbial communities are able to process higher 
C:N materials.

Comparing microbial biomass between grass species 
revealed that microbial biomass values were greater in 
the switchgrass portion for 13 of the 21 treatments stud-
ied. This included all BC biochar treatments, five of six PL 
treatments, one LPP treatment, and the highest compost-
only treatment. Given the similarity in pH values between 
the soils in both portions of the grass study (Table 2), dif-
ferences in microbial biomass are most likely due to other 
environmental factors. The differences in microbial biomass 
between the plant species may, in part, be attributable to 
the two plant species themselves. First, a study conducted 
by Innes et al. (2004) demonstrated that certain plant spe-
cies influenced microbial biomass in a soil type-dependent 
manner. Second, differences in the below-ground biomass 
of the two plants species may have influenced their respec-
tive microbial biomass. While not reported in this study, 
buffalograss below-ground biomass was significantly lower 
than the switchgrass below-ground biomass values reported 
by Novak et al. (2019). Prior studies have demonstrated that 
increases in root biomass have been associated with corre-
sponding increases in microbial biomass (Spehn et al. 2000). 
Overall, significant treatment effects on microbial biomass, 
as determined by ANOVA, were determined for plant spe-
cies, biochar type, and compost amendment rates for both 
buffalograss and switchgrass portions of the experiment; 
only buffalograss was significantly influenced by biochar 
amendment rate (Supplemental Tables 1 and 2).

3.4  Soil microbial community structure 
and function in response to biochar treatment

Non-metric multidimensional scaling (NMS) analysis was 
used to visualize the response of microbial communities to 
biochar treatments (Fig. 3). Centroids (with standard error 
bars) based on triplicate samples for each treatment were 
derived from a total of 32 PLFAs (expressed as the ratio to 

C16:0). Microbial communities with similar structures clus-
ter closer together. For buffalograss, there was considerable 
overlap between BC and LPP clusters, both of which over-
lapped with the control soil. LPP also overlapped with the 
compost-only cluster. PL biochar-treated mining-impacted 
soils did not overlap with any other soils, indicating a con-
siderable, significant shift (PERMANOVA; p = 0.0002) in 
the microbial communities of soils treated with PL biochar. 
For switchgrass samples, microbial community structure 
followed a pattern like buffalograss. Considerable overlap 
between BC and LPP clusters was evident, with both bio-
char groups overlapping with the compost-only samples, and 
BC biochar overlapping with the control soil. As with buf-
falograss, the PL cluster was distinct from all other samples, 
indicating a significant shift (PERMANOVA; p = 0.0002) in 
microbial community structure. Ducey et al. (2015) previ-
ously demonstrated the ability of PL-derived biochar to shift 
microbial communities, and these results appear to be at 
least partially explained by changes in soil pH (R2 = 0.352). 
In the current study, PERMANOVA analysis revealed that, 
in addition to biochar type, soil microbial community struc-
ture was significantly affected by plant species (p = 0.0002), 
and compost amendment rate (p = 0.0002), but not by bio-
char amendment rate (p = 0.07). These results may be attrib-
utable to differences in root exudates between plant species, 
or in the case of compost, the availability of organic carbon 
or other micronutrients, supplied in greater abundances with 
increasing amendment rates (Wu et al. 2016).

To determine where shifts in the microbial community 
structure were greatest, PLFAs (expressed as a percentage 
of total microbial-associated PLFA) were sorted into the 
following microbial-related groups: total fungi; Gram-neg-
ative bacteria; Gram-positive bacteria; and actinomycetes 
(Fig. 4). In both the buffalograss and switchgrass portions 
of the experiment, PL biochar treatment resulted in signifi-
cantly increased relative abundances of total fungi, with a 
concomitant significant decrease in Gram-negative bacteria 
as compared to all other treatments (Fig. 4). It has been pre-
viously reported that Gram-negative bacteria are favored in 
heavy metal-contaminated soils (Frostegard et al. 1993), so 
these results may be partially explained by the ability of PL 
biochar to significantly reduce heavy metal bioavailability in 
soil (Table 1). Similar results were seen by Xu et al., (2018) 
where Gram-negative abundances were increased in una-
mended, metal-contaminated soils. The authors also dem-
onstrated an increase in fungal abundances upon application 
of biochar, potentially linked to a reduction in metal-related 
stresses (Xu et al. 2018). Overall, while trends in the relative 
abundances of all microbial groups, in response to treatment, 
looked very similar between both grass species (Fig. 4), 
Gram-negative, Gram-positive, and actinomycetes were 
all significantly influenced by plant species (Supplemental 
Table 1). Additionally, all microbial groups, as determined 
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by ANOVA, were significantly influenced by biochar type 
(Supplemental Table 1).

Microbial function was assessed using fluorometric 
measurement of soil enzyme assays (Fig. 5). BG, NAG, 
and EST were all significantly influenced by plant species, 
and all four enzymes assayed were significantly influenced 
by biochar type (Supplemental Tables 1 and 2). In a pre-
vious report that examined soil microbial activity under a 
variety of grass species, Haney et al. (2010), demonstrated 
that soil microbial communities under buffalograss had sig-
nificantly greater soil microbial activities as compared to 
those grown under switchgrass; a result likewise reflected in 
this study. Likewise, compost application rate significantly 
influenced BG and EST activities for both grasses, while 
biochar amendment rate significantly influenced the switch-
grass NAG and EST activities (Supplemental Table 1). Since 
biochar type was the only consistent influencing factor for 
all four enzymes (like the microbial groups), Fig. 5 is pre-
sented according to biochar type. For BG, NAG, and EST, 
PL resulted in significantly greater enzymatic activity than 
any other biochar treatment. The only other treatment with 

enzyme activity rates significantly greater than the control 
was LPP biochar for NAG in buffalograss. For AP, in buf-
falograss, no biochar treatment resulted in enzyme activi-
ties greater than the control, though both PL and LPP did 
trend upward over the control, similar to the compost-only 
treatment. Similarly, in switchgrass, while only BC biochar 
amended soil had enzyme activity rates significantly greater 
than the control soil, all other treatments did have means 
greater than the control.

The influence of biochar type on NAG activity can be 
viewed in the context of PL’s influence on fungi (Fig. 4). 
NAG, also known as chitinase, catalyzes the hydrolysis of 
N-acetyl-β-D-glucosamine residues from the non-reducing 
ends of chitooligosaccharides. These oligomers are abundant 
in fungal cell walls, and the enzyme is highly correlated 
with fungal biomass (Miller et al. 1998). Additionally, the 
influence of increasing compost amendment rates on the 
enzymatic activity for both BG and EST can be explained 
by the potential of increased available C (de Almeida et al. 
2015). Likewise, the influence of pH on microbial activity 
has been well documented (Xu et al. 2017), and may explain 

Fig. 3  Nonmetric multidimensional scaling plot showing mine soil 
microbial community structure in response to treatment. Symbols 
represent the centroid of the triplicate samples of each treatment. 
Horizontal and vertical bars represent standard error in relation to 
their centroids along axes 1 and 2, respectively. Plant species is indi-
cated by symbol color (red = buffalograss; blue = switchgrass). Bio-
char amendment rate is indicated by symbol size (smaller = 2.5%; 

larger = 5%). Biochar type is indicated by symbol type (circle = BC, 
beef cattle manure; triangle = PL, poultry litter; square = LPP, lodge-
pole pine; compost only =  + ; control = X). Compost amendment rate 
is indicated by the symbol border color (no color = 0%; grey = 2.5%; 
black = 5%). Joint plot vectors (red lines) were selected for display 
based on a combined R2 cutoff of 0.35 or greater
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increases in microbial activity in association with PL biochar 
amendment. Overall results, however, compared to soils not 
impacted by mining, demonstrate that microbial activity for 
these soils should be considered low. For example, a study 
by Kim et al. (2019) using a similar fluorometric enzyme 
assay (as the one employed in this study) reported the activ-
ity rates of the three extracellular enzymes BG, NAG, and 
AP as two orders of magnitude greater in forest soils as com-
pared to what was reported in this study. Additionally, for 
this study, we employed the intracellular enzyme esterase 
as an indicator of general microbial activity. Esterases are a 
class of hydrolase enzyme that are responsible for splitting 
esters/lipids (lipases), and according to a metagenomic study 
conducted by Souza et al. (2018) are the most abundant of 
the hydrolases found in soil. In a study by Lagomarsino et al. 

(2021), likewise conducted in a forest soil, esterase enzyme 
activities were two to three orders of magnitude greater than 
we have reported.

Previous studies, in conjunction with this current study, 
have demonstrated the ability of biochar amendment to 
boost microbial biomass and influence microbial composi-
tion. Studies have also shown that these amended soils can 
support those changes for extended periods of time (Ducey 
et al. 2013). These studies, however, often look at biochar 
amendment of soils that—while potentially degraded due 
to erosion or other natural or man-made processes—have 
not experienced decimation of their entire O, A, and B soil 
horizons. The results compiled in this study pose a few ques-
tions as to the state of the parent material. For example, 
what is the diversity of the microbial community of this 

Fig. 4  Relative abundances (%) 
of microbial groups based on 
total PLFA. The upper boxes 
represent Q3 (75th percentile), 
while lower boxes represent 
Q1 (25th percentile), both from 
the midline (median). Whisk-
ers represent maximum and 
minimum values, while outliers 
(> 1.5 times the corresponding 
quartile) are represented by 
points beyond each whisker. 
Box and whisker plots that do 
not share a letter, for that grass 
species and microbial group, are 
significantly different (p < 0.05)
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mine-impacted soil? And what biochemical processes—if 
any—does the existing microbial community encode for 
that will support reclamation efforts? While results from 
this study indicate that biochar amendment was able to 
boost microbial biomass, there appeared to be a disconnect 
between microbial biomass gains and increases in micro-
bial activity. Given the poor microbial activity of the par-
ent material, it is possible that these soils do not possess 
the capacity for cycling nutrients, stimulating soil forma-
tion, or performing other required ecosystem services that 
would be expected of a healthy soil. Therefore, it would 
prove beneficial to perform metagenomic analyses of mine-
impacted soils post-remediation but pre-reclamation, to 
determine if additional strategies are necessary to stimulate 
microbial diversity and “fill in the gaps” for any necessary 
soil biochemical pathways that lack representation (and even 
functional redundancy) within the microbial community. In 
addition, it should be noted that this was a short-term study, 

with a duration of only 50 days. This may potentially be an 
insufficient length of time to allow the microbial communi-
ties to acclimate and establish themselves. Longer duration 
experiments will be required to address this issue.

In reclamation scenarios where the existing soils lack the 
means to provide the necessary biological activity required 
for successful restoration efforts, methods such as bioaug-
mentation hold promise. In such a case, effective microor-
ganisms would be applied to mine-impacted soils, providing 
the necessary biological potential required for a functional 
soil, while additional amendments—e.g., biochar and com-
post—provide elements necessary to restore the physical 
and chemical characteristics required to support those func-
tions. The use of effective microorganisms has been demon-
strated to hold promise in this regard. For example, Zornoza 
et al. (2017) demonstrated the ability of bioaugmentation 
to improve microbial biomass and activity in Cd and Zn 
contaminated soils, which in turn resulted in increased plant 

Fig. 5  Soil enzyme activi-
ties. Note that vertical axes 
are not shown at the same 
scale between grass species 
or enzyme. The upper boxes 
represent Q3 (75th percentile), 
while lower boxes represent 
Q1 (25th percentile), both from 
the midline (median). Whisk-
ers represent maximum and 
minimum values, while outliers 
(> 1.5 times the corresponding 
quartile) are represented by 
points beyond each whisker. 
Box and whisker plots that do 
not share a letter, for that grass 
species and enzyme, are signifi-
cantly different (p < 0.05)
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richness and density and C sequestration. Similarly, plant 
growth-promoting rhizobacteria (PGPR) have been used 
successfully to promote plant growth in coal mine-impacted 
soils with low microbial activity (Grobelak et al. 2018). It 
should be noted that, while such reclamation efforts in mine-
impacted soils may successfully enhance soil fertility, soil 
microbial community structure and function may be altered 
in ways that do not approximate their adjacent, pristine 
neighboring ecosystems (Dimitriu et al. 2010). This issue 
of course, when compared to zero attempts at reclamation, 
does not seem to be a major hurdle if biochemical processes 
can be successfully restored.

4  Conclusion

Overall results indicate that—to varying degrees—biochar 
feedstock, as well as biochar and compost application rates, 
influenced soil physicochemical factors, plant above-ground 
biomass, plant Cd and Zn tissue concentrations, microbial 
abundance and composition, and enzyme activity. Analysis 
of soil bioavailable Cd and Zn concentrations demonstrated 
that the two manure-based biochars, PL and BC, resulted 
in the greatest reductions, and that application rates of 5% 
for both biochars coupled with either 2.5% or 5% compost 
achieved best results. The effect of biochar amendment on 
above-ground biomass revealed that BC biochar provided 
the greatest yields. Additionally, above-ground biomass 
was significantly influenced by plant species, with switch-
grass yields generally double those of buffalograss. Both 
BC and PL biochars resulted in lower Cd and Zn plant tissue 
concentrations in more treatment combinations than LPP 
biochar. PL biochar resulted in significantly greater micro-
bial biomass under all treatments compared to BC and LPP 
biochars, with greatest microbial biomass in soils amended 
with PL biochar 5% coupled with 5% compost. Poultry litter 
amendment resulted in a significant, observable shift in soil 
microbial community composition for both grasses. Further-
more, soil microbial communities were significantly influ-
enced by plant species and compost amendment rate, but 
not biochar amendment rate. Parsing microbial community 
structure data, we observed that poultry litter significantly 
increased the relative abundances of fungi, and concomi-
tantly decreased Gram-negative bacterial relative abun-
dances. Microbial activity was greatest in soils grown with 
buffalograss, and biochar type was a significant influencing 
factor for all four enzymes studied. Poultry litter resulted 
in the greatest enzyme activity rates for the enzymes BG, 
NAG, and EST, while BC biochar-amended soils grown with 
switchgrass demonstrated significantly elevated AP enzyme 
activity. Overall, while biochar type, biochar amendment 
rate, composition amendment rate, and plant species all sig-
nificantly influenced most variables, only biochar type had 

a significant effect on all variables measured in this study. 
These results indicate that mine-impacted soils amended 
with biochar—particularly those derived from manure-based 
feedstocks—see significant impacts to their physicochemi-
cal and biological characteristics, and potentially indicate 
long-term positive outcomes for soil reclamation efforts at 
these sites.
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