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A B S T R A C T   

Pyrogenic organic matter (PyOM) is produced by the incomplete combustion of organic matter, and can 
represent a large portion of total soil organic carbon in both fire-affected systems and managed systems where 
PyOM is added intentionally as a soil amendment. The effects of PyOM on the structure of soil microbial 
communities remain a topic of fundamental interest, and a number of studies have begun to identify and 
characterize the PyOM-associated microbial community. However, it is unclear to what extent the effects of 
PyOM on soil bacteria are consistent. Our goals were to synthesize current related studies to (1) determine if 
there is a detectable and consistent “charosphere” community that characterizes PyOM-amended soils, (2) 
distinguish consistent responders at the phylum level to PyOM amendments, and (3) identify individual PyOM- 
responsive taxa that increase in relative abundance consistently across different soil types. We re-analyzed 
publicly available raw 16S Illumina sequencing data from studies that investigated the bacterial communities 
of PyOM-amended soils. We determined that soil source is more important than PyOM for shaping the trajectory 
of the community composition. Although we were able to identify a few genera that respond positively and 
somewhat consistently to PyOM amendments, including Nocardioides, Micromonospora, Ramlibacter, Nov-
iherbaspirillum, and Mesorhizobium, in general, neither phylum-level nor genus-level responses to PyOM were 
consistent across soils and PyOM types. We offer suggestions for our future efforts to synthesize the effects PyOM 
may have on soil microbial communities in an array of different systems. Due to the dual challenges of high 
functional diversity at fine taxonomic scales in bacteria, and diverse ranges of soil and PyOM properties, re-
searchers conducting future studies should be wary of reaching a premature consensus on PyOM effects on soil 
bacterial community composition. In addition, we emphasize the importance of focusing on effect sizes, their 
real-world meanings, and on cross-study effect consistency, as well as making data publicly available to enable 
syntheses such as this one.   

1. Introduction 

Pyrogenic organic matter (PyOM) is produced during the incomplete 
combustion of organic matter and is of interest for both natural and 
managed systems (Czimczik and Masiello, 2007). In fire-affected eco-
systems, PyOM can represent large fractions of total soil organic carbon 
(SOC) (over 50% (Reisser et al., 2016)). In managed systems, PyOM can 
be produced intentionally and added to soils as an agronomic amend-
ment and/or as a tool for carbon management (in which case it is often 
referred to as “biochar”) (Laird, 2008; Whitman et al., 2010). In both of 
these systems – wildfire and biochar – the interactive effects of PyOM 
and the microbial community on SOC stocks and cycling are of critical 
interest. In order to understand how changing wildfire regimes will 
affect global SOC or nutrient stocks (Pellegrini et al., 2018), or in order 
to understand whether biochar additions to soil will result in net SOC 

increases or decreases over time (Woolf and Lehmann, 2012), we must 
understand how microbes respond to PyOM inputs (in addition to other 
effects of fires). For this review, we identified ten Illumina-based 
high-throughput sequencing (HTS) studies for which sequencing data 
were publicly available (Table 1). We have re-analyzed these data using 
standardized approaches in order to characterize the effects of PyOM 
additions on soil bacterial community composition, with the goal of 
determining: (1) Is there a detectable and consistent “charosphere” 
(Quilliam et al., 2013) community that characterizes PyOM-amended 
soils – i.e., do PyOM additions overwhelm the effects of pre-PyOM soil 
properties? (2) Are there consistent responses at the phylum or another 
taxonomic level to PyOM amendments? (3) Can we identify individual 
PyOM-responsive taxa that increase in relative abundance consistently 
across different soil types? 

Scientific interest in microbial interactions with pyrogenic organic 
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matter (PyOM) dates back to at least the 1930s, when researchers noted 
that the addition of charcoal to culture media could enhance the growth 
of gonococci (Glass and Kennett, 1939). Glass and Kennett’s systematic 
consideration of the possible mechanisms driving this effect is particu-
larly interesting to read today, as their ideas include many of the 
mechanisms that we still dwell upon: PyOM as a C source, supply of 
other soluble or insoluble nutrients, adsorption of inhibitory molecules, 
adsorption of stimulatory molecules, and a possible catalytic role for the 
charcoal. This research continued into the 1950s (Ensminger et al., 
1953; Gorelick et al., 1951), where the effect was largely attributed to 
possible sorptive properties of the charcoal. Other early studies inves-
tigated the sorption of bacterial cells by charcoal (Krishnamurti and 
Soman, 1951). However, there are numerous potential mechanisms 
through which PyOM is known to potentially affect microbial growth, 
activity, and/or community composition (Lehmann et al., 2011), 
including direct provision of a carbon or nutrient source (Whitman et al., 
2014), interactions with signalling molecules (Masiello et al., 2013), 
provision of a habitat (DeCiucies et al., 2018; Pietik€ainen et al., 2000), 
changes to soil pH (Luo et al., 2011) or moisture (Chen et al., 2018), 
among others. While an increasing number of studies has supported 
useful meta-analyses of PyOM effects on chemical and physical prop-
erties (Ding et al., 2017; Maestrini et al., 2014) or plant responses 
(Jeffery et al., 2011), developing a predictive understanding of these 
systems has been limited by the wide range of soil properties, PyOM 
properties, application rates, experimental conditions, and timescales of 
study (Ameloot et al., 2013; Jeffery et al., 2015; Kammann et al., 2017). 
This challenge is just as influential when seeking to improve our un-
derstanding of the effects of PyOM on the biological properties of soil – 
in particular, its effect on microbial community composition. 

There are at least three reasons one may care whether PyOM alters 
soil microbial community composition. First, the processes that govern 
the structure of soil biotic communities, and how perturbations to these 
systems affect soil microbial community composition, remain questions 
of fundamental interest in soil ecology (Baldrian, 2019; Fierer, 2017; 
Fierer et al., 2009). Second, even if one is not interested in microbial 
diversity per se (Shade, 2017), the PyOM-related impacts that land 
managers would be expected to primarily care about (e.g., changes to 
greenhouse gas emissions or plant growth) are often strongly influenced 
by microbial community composition, or, at a minimum, reflected in the 
microbial community composition. Although we remain a long way 
from effectively linking high-resolution community composition to most 
of these functions of interest and there are likely numerous processes 
that may never be well-predicted by microbial community composition 
(Hall et al., 2018), there are still processes of interest for which micro-
bial community composition often has predictive value, such as methane 
fluxes in soils (Judd et al., 2016). Third, as we attempt to predict the 
biogeochemical implications of changing fire regimes, understanding 
the effects of wildfire on soil microbes is a critical topic (Holden and 
Treseder, 2013; Pressler et al., 2018). Studying the addition of PyOM to 
soils in the absence of fire may help us decompose the multi-faceted 
effects of fire on microbial communities into its constituent parts 
(direct killing by heat, rapid recolonization post-fire, plant-mediated 
effects, or changes to the post-fire soil environment such as the addition 
of PyOM (Hart et al., 2005)), allowing us to better predict how changing 
fire regimes will affect soil microbial communities and their response to 
post-fire soil C. 

In this paper, we do not attempt to conduct a new comprehensive 
review of the broad range of PyOM effects on soil microbes, and refer the 
reader instead to a number of other recent reviews of PyOM effects on 
soil biota (Lehmann et al., 2011), on microbially-relevant soil proper-
ties, microbial biomass, community structure, enzyme activity, and 
signalling (Gul et al., 2015; Zhu et al., 2017), and specifically on mi-
crobial mobilization of nutrients (Schmalenberger and Fox, 2016) or 
carbon (Maestrini et al., 2014; Wang et al., 2016; Whitman et al., 2015). 
Rather, our aim is to focus specifically on soil bacterial responses to 
PyOM additions. Briefly, we remain far from being able to consistently 

predict these responses. For example, Gul et al., 2015 suggest that 
observed increases in microbial biomass with PyOM additions may be 
greater when the PyOM materials come from low-lignocellulosic 
biomass and are pyrolyzed at temperatures below 500 �C, but also 
note that these trends are not consistent across all studies. As with many 
aspects of PyOM effects on soils, this is not a surprising conclusion – soil 
properties and PyOM materials can vary widely, as can the environ-
mental conditions and timescales under which they are studied. Zhu 
et al., 2017report, “[c]hanges in the relative abundances of Acid-
obacteria, Actinobacteria, Gemmatimonadetes, and Verrucomicrobia are 
frequently detected using high-throughput sequencing, under treatment 
with biochar (Mackie et al., 2015; Nielsen et al., 2014).” However, these 
generalizations may be premature: there are still relatively few studies 
of the effects of PyOM additions to soil on microbial communities at the 
fine phylogenetic scales afforded by recent advances in HTS. 

While all approaches to characterizing the effects of PyOM on soils 
are challenged by the diversity of both soils and PyOM materials, the 
vast array of data generated in HTS studies generates additional chal-
lenges for understanding soil microbial community response to PyOM. 
In particular, one of the challenges specific to HTS is the need for the 
authors to distill coherent stories from the “firehose of data”, which 
requires that, for the paper, they identify and select the trends that are of 
most interest or are most readily interpretable. In a single study, when 
dealing with thousands to tens of thousands of different operational 
taxonomic units (OTUs), which may not respond coherently to the 
treatment of interest even at the genus level, let alone the phylum level 
(Whitman et al., 2016), there could be as many stories to be told as there 
are OTUs. Thus, understandably, authors usually limit themselves to 
highlighting the responses that are consistent at tractable levels (e.g., 
increases in the relative abundance of a given phylum) and the 
finer-scale responses for specific taxa that are either of high abundance 
or have particularly strong responses to the factor of interest – in our 
case, PyOM additions. Authors sometimes report the raw results in 
supplementary data, but this is not always practiced, and, if it is, is still 
not done in a consistent manner that is readily searchable. While an 
increased emphasis on open science, reproducible science, and 
improved data storage capabilities may improve this situation in the 
future, today, it remains a common limitation. It presents a particularly 
large hurdle when looking for patterns across studies, such as in a 
meta-analysis. If we limit ourselves to considering only the effects that 
the authors chose to highlight, we risk both false positives and false 
negatives due to (necessarily) selective reporting. Furthermore, it can be 
difficult to elucidate broader patterns because of authors’ choices to 
report their results at different taxonomic levels. For example, we 
recorded all the PyOM-responsive taxonomic groups, across phyloge-
netic levels, that authors in our ten studies mentioned directly or drew 
attention to in figures (Table 2), but this list is certainly incomplete. An 
additional challenge in compiling results across HTS studies is that the 
studies use combinations of different methods, from the steps of DNA 
extraction, primer choices, sequencing library preparation, and 
sequencing methods, to data processing and quality control. Because of 
these limitations, we would argue that in order to comprehensively re-
view these data, it is necessary to re-analyze them from scratch. While 
we cannot adjust for different pre-sequencing methodological decisions, 
for our attempt here to synthesize common trends across current studies 
of PyOM effects on soil microbial communities, we have chosen to 
re-analyze the original raw sequencing data, processing each dataset in 
the same way. 

We emphasize that we have limited our investigation to bacterial 
community composition in this study, and do not directly consider 
changes in function, such as increases or decreases in C mineralization 
rates, nor do we consider other microbes such as fungi. While commu-
nity composition is necessarily related to microbial functions in the soil, 
functional changes can, of course, also occur without substantial 
changes in community composition, and vice versa. Thus, we under-
score that changes in community composition reported in this study may 
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or may not have been accompanied by changes in function. Further-
more, a lack of change in community composition does not necessarily 
mean PyOM additions did not affect functions of interest. Still, we 
believe it is worthwhile to investigate changes in microbial community 
composition, (i) due to the role of these changes as possible indicators/ 
integrators of PyOM effects on soils, (ii) because of possible accompa-
nying changes in functions, and (iii) because of inherent interest in the 
mechanisms and processes that underpin microbial community 
composition and diversity in soils. 

2. Methods 

2.1. Study selection 

Web of Science was used to search for studies investigating the mi-
crobial response to PyOM; keywords used were: “PyOM”, “pyrogenic 
organic matter”, “pyrogenic carbon”, “black carbon”, “biochar”, “mi-
crobial community”, “community”, “bacteria”, and utilizing the wild-
card (*) function for versatility. Each study was reviewed and 
information about the study was compiled. From this list, the studies 
chosen for this meta-analysis were selected based on the following re-
quirements: (1) the study system contained a soil-only and PyOM-only 
treatment, (2) 16S sequencing was performed on an Illumina Hiseq or 
Miseq platform, (3) the raw reads were accessible online or from the 
author directly, and (4) the study was available before 2018. This left us 
with ten studies (and eleven soils) (Dai et al., 2017a, 2016; Imparato 
et al., 2016; Nielsen et al., 2014; Song et al., 2017; Whitman et al., 2016; 
Wu et al., 2016; Xu et al., 2016; Yao et al., 2017; Ye et al., 2016): 
(Table 1). In addition, there were six studies that did not make their data 
publicly available and were not able to provide us with their raw data 
after we contacted them, and four studies that used 454 sequencing, 
which we did not include here. We chose to focus on PyOM additions 
only (rather than formally including fire-affected soils) largely because 
there were very few studies of soil microbial communities before and 
after fire that also characterized PyOM production rates and conditions. 
In addition, it would be difficult to control for the confounding factors of 
fire (e.g., heating effects on soil microbes or post-fire water repellency 
(Certini, 2005)). However, we do qualitatively compare our findings to 
studies of natural fires as well as to other analogous systems such as 
polyaromatic hydrocarbon (PAH)-contaminated soils. 

2.2. Sequence processing 

All sequences were either downloaded from the NCBI or the EMBL 
databases using accession numbers provided by the authors, or received 
directly from the author. The QIIME2 pipeline (QIIME2, v. 2018.2, 
Bolyen et al., 2018) was used to process the sequences for each study, 
processing each study individually, but using a consistent approach 
across studies. FASTQ files were separated into forward and reverse 
reads if necessary using demuxbyname.sh from bbmap v. 35.95 (Bush-
nell et al., 2017) (Supplementary Information). The dada2 (Callahan 
et al., 2016) denoise-paired or denoise-single command as implemented 
within QIIME2 was used to determine amplicon sequence variant-level 
OTUs, using default parameters unless specified here. Trimming and 
truncating parameters were tested to determine values for optimal 
sequence retention and quality control for each dataset. For most 
datasets, sequences were truncated where mean quality scores dropped 
below 35, except Whitman et al. (2016), Xu et al., 2016, and Ye et al. 
(2016), for which reads were truncated where quality scores dropped 
below 25. Sequences were trimmed at the first 5–26 base pairs to either 
remove primer bases that were included or to remove sequences that 
contained poor quality scores. Taxonomy was assigned using the 
Silva132 database (Quast et al., 2013) at 99% similarity at the majority 
taxonomy 7 levels using the QIIME2 feature-classifier classify-sklearn (a 
naïve Bayes classifier; Pedregosa et al., 2011). Taxonomy classifiers 
were trained on the regions specific to the primers used for each study. Ta
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Table 2 
Phyla, classes, orders, families, genera, and species that were named and identified as PyOM-responsive or generally increased in abundance with PyOM additions.  

Study Named Phyla Named Classes Named Orders Named Families Named Genera Named Species 

Dai et al. 
(2016) 

Acidobacteria decreased in bulk 
and rhizosphere soil       
Bacteroidetes increased in bulk 
and rhizosphere soil       
Actinobacteria and 
Alphaproteobacteria increased in 
rhizosphere soil       
Betaproteobacteria decreased in 
bulk soil and increased in 
rhizosphere soil      

Ye et al. 
(2016)     

Phytohabitans       

Rhodoplanes       
Hyphomicrobium       
unclassified from 
Rhodospirillacae       
unclassified from PRR- 
10       
unclassified from 
Cyrophagacae       
unclassified from 
Acidobacteria-5       
unclassified from 
Chitinophagaceae       
unclassified from 
Rhizobiales       
unclassified from 
Cerasicoccaceae  

Song et al. 
(2017) 

Proteobacteria       

Bacterioidetes       
Chloroflexi       
Verrucomicrobia with 1%BC300 
at 24 weeks       
Firmicutes mostly increased at 12 
weeks, decreased at 24       
Actinobacteria       
Saccharibacteria with BC300 at 
12 weeks and 24 weeks       
Parcubacteria with 2%BC300 at 
12 weeks and 24 weeks       
Elusimicrobia with 1%BC300 at 
24 weeks       
Gemmatimonadetes       
Nitrospirae with BC600 at 24 
weeks      

Wu et al. 
(2016) 

Actinobacteria (biochar and 
compost)    

Patulibacter   

Bacteroidetes (biochar þ compost 
and composted 
biochar þ biomass)    

Marmoricola   

Acidobacteria (composted 
biochar)    

Gemmatimonadaceae   

Gemmatimonadetes (composted 
biochar)    

Acidimicrobiales       

Nitrosomonadaceae       
Intrasporangiaceae       
Ramlibacter       
Arthrobacter       
Nocardioides  

Yao et al. 
(2017) 

Chloroflexi Alphaproteobacteria   Nitrosomonadaceae Nitrosococcus sp.  

Chlorobi Deltaproteobacteria   Nitrospira Rhodoplanes sp.      
Lysobacter Acidobacteria - Subgroup 7      
Piscinibacter Uncultured 

Burkholderiacae      
Bradyrhizobium Thiobacillus sp.      
Gemmatimonas       
Pedomicrobium       
Bacillus  

Dai et al., 
2017a,b 

Actinobacteria  Actinomycetales     

Proteobacteria (Psammaquent 
soil, both biochar)      

(continued on next page) 
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Table 2 (continued ) 

Study Named Phyla Named Classes Named Orders Named Families Named Genera Named Species  

Acidobacteria (Psammaquent soil 
with 700 biochar)       
Firmicutes (Argiustoll soil, both 
biochar)      

Imparato 
et al. 
(2016)  

Acidobacteria_Gp16   Pseudolabrys       

Bradyrhizobium       
Acidobacteria_Gp11  

Nielsen et al. 
(2014)  

Acidobacteria Gp1 Acidimicrobiales Burholderiaceae Ktedonobacter    

Acidobacteria Gp3 Solirubrobacterales  Subdivision 3 genus 
incertaesedis     

Bacillales    
Whitman 

et al. 
(2015) 

Bacteroidetes  Gemmatimonadales   Arthrobacter spp.  

Actinobacteria (day 12, not 
significant)  

Ellin5290   Roseomonas aquatica  

Gemmatimonadetes (not 
significant)  

Rhizobiales   Thermomonas dokdonensis    

Burkholderiales   Oxalicibacterium flavum    
Sphingomonadales   Beijerinckia derxii subsp. 

Venexuelae    
Rhodospirillales   Flavobacterium beibuense    
Caulobacterales   Achromobacter spanius    
Bdellovibrionales   Comamonas thiooxydans    
Legionellales   Niastella sp. JCN-23    
Myxococcales   Adhaeribacter terreus    
Rhodobacterales   Bosea sp. R-46060    
Rhodocyclales   Flavisolibacter ginsengisoli    
Cytophagales   Caulobacter henricii    
Saprospirales   Brevundimonas 

halotolerans    
Sphingobacteriales   Ochrobactrum 

pseudogrignonense    
Verrucomicrobiales   Flavisolibacter ginsengisoli    
Chthoniobacterales   Brevundimonas vesicularis    
Pedosphaerales   Rhodococcus 

wratislaviensis    
WD2101   Brevundimonas alba    
Gemmatales   Nocardioides hwasunensis    
Pirellulales   Methylobacterium 

rhodesianum    
Acidimicrobiales   Prosthecobacter fluviatilis    
RB41   Methylobacterium 

aquaticum    
Solibacterales   Cupriavidus necator    
JG30-KF-CM45   Gemmatimonas aurantiaca    
Actinomycetales   Sphingomonadaceae 

bacterium KMM 6042       
Rhodococcus jostii       
Shinella granuli       
Luteolibacter sp. CCTCC AB 
2010415       
Sediminibacterium 
salmoneum       
Pedobacter sp. N7d-4       
Hymenobacter algoicola       
Dongia mobilis       
Flavisolibacter ginsengisoli       
Georgfuchsia toluolica       
Dyadobacter beijingensis       
Pedobacter glucosidilyticus       
Rhodanobacter sp. DCY45       
Ohtaekwangia koreensis       
Azospirillum rugosum       
Lysobacter sp. DCY21T       
Devosia crocina       
Pedobacter insulae       
Chitinophaga niabensis       
Rhodococcus triatomae       
Segetibacter koreensis       
Bacteriovorax stolpii       
Nocardiopsis alba       
Leifsonia poae 

(continued on next page) 
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Table 2 (continued ) 

Study Named Phyla Named Classes Named Orders Named Families Named Genera Named Species       

Burkholderia sp. ATSB16       
Sphingomonas japonica       
Hymenobacter ocellatus       
Dyella marensis       
Sphingomonas trueperi       
Sphingopyxis panaciterae       
Arthobacter crystallopoietes       
Chitinophaga niabensis       
Rhodococcus yunnanensis       
Dyella koreensis       
Lacibacter cauensis       
Bryobacter aggregatus       
Armantimonas rosea       
Roseomonas ludipueritiae       
Panacagrimonas perspica       
Delftia tsuruhatensis       
Pseudomonas alcaligenes       
Hymenobacter 
gelipupurascens       
Ferrimicrobium 
acidiphilum       
Wenxinia marina       
Bdellovibrio bacteriovorus       
Anaeromyxobacter 
dehalogenans       
Solibius ginsengiterrae       
Halioglobus pacificus       
Fluviicola taffensis       
Conexibacter arvalis       
Prosthecobacter dejongeii       
Undibacterium pigrum       
Magnetospira thiophila       
Aurantimonas sp. L9-753       
Aquicella siphonis       
Fimbriimonas ginsengisoli 
Gsoil 348       
Ferruginibacter 
alkanlilentus       
Amaricoccus macauensis       
Catellibacterium 
nectariphilum       
Adhaeribacter aquaticus       
Pseudoxanthomonas 
mexicana       
Niastella yeongjuensis       
Byssovorax cruenta       
Luteolibacter sp. E100       
Thioprofundum hispidum       
Roseomonas sp. Enrichment 
culture clone 03SU       
Solitalea canadensis       
Hoefles phototrophica DFL- 
43       
Chitinophaga 
ginsengisegetis       
Chitinophaga sancti       
Verrucomicrobiaceae 
bacterium DC2a-G7       
Sediminibacterium 
salmoneum       
Afipia massiliensis       
Variovorax paradoxus       
Pigmentiphaga litoralis       
Belnapia moabensis       
Nocardioides plantarum       
Chelatococcus daeguensis       
Pirellula staleyi DSM 6068       
Skermanella aerolata       
Frankia sp. S9-650       
Rubellimicrobium 
mesophilim DSM 19309       
Legionella cincinnatiensis       
Cystobacter badius       
Paucimonas lemoignei       
Devosia subaequoris       
Afipia felis 

(continued on next page) 
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Table 2 (continued ) 

Study Named Phyla Named Classes Named Orders Named Families Named Genera Named Species       

Bdellovibrio bacteriovorus       
Sphingomonas jaspsi       
Amycolatopsis pigmentata       
Ohtaekwangia kribbensis       
Skermanella xinjiangensis       
Sphingomonas sp. YC6722       
Oxalicibacterium horti       
Desulfomonile tiedjei       
Diaphorobacter 
nitroreducens       
Comamonas terrigena       
Acidovorax caeni       
Delftia lacustris       
Glaciimonas sp. A2-57       
Glaciimonas immobilis       
Oxalicibacterium 
faecigallinarum       
Rhizobiales bacterium 
WSM3557       
Terrimonas sp. M-8       
Adhaeribacter terreus       
Brevundimonas staleyi       
Sphingomonas 
changbaiensis       
Rhizobium skierniewicense       
Caulobacter vibrioides       
Caulobacter segnis       
Arenimonas malthae       
Altereryhrobacter sp. H32       
Altereryhrobacter sp. MSW- 
14       
Rhocoplanes piscinae       
Novosphingobium 
hassiacum       
Yonghaparkia alkaliphila       
Rhodococcus qingshengii       
Rhodococcus erythropolis       
Rhodococcus sp. Djl-6-2       
Nodocardia coeliaca       
Luteimonas marina       
Luteimonas litimaris       
Pedobacter boryungensis       
Sphingomonas yunnanensis       
Filimonas lacunae       
Luteimonas sp. KMM 9005       
Stenotrophomonas 
rhizophila       
Bacillus patagoniensis       
Rhodoplanes roseus       
Gordonia neofelifaecis 
NRRL B-59395       
Gordonia cholesterolivorans       
Gordonia malaquae       
Acidovorax temperans       
Pedobacter koreensis       
Limnobacter thiooxidans       
Beijerinckia derxii subsp. 
derxii       
Beijerinckia indica subsp. 
Indica ATCC 9039       
Beijerinckia indica subsp. 
Lacticogenes       
Flavobacterium sp. FCS-5       
Achromobacter insolitus       
Comamonas testosteroni       
Brevundimonas nasdae       
Methylobacterium populi       
Methylobacterium zatmanii       
Wautersia numazuensis       
Cupriavidus basilensis       
Sediminibacterium 
salmoneum       
Niastella yeongjuensis       
Rhodanobacter fulvus       
Skermanella xinjiandensis       
Fulvimonas soli 

(continued on next page) 
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Sequences for each study were then classified using the classifier trained 
on the appropriate 16S region for that study. 

All data analysis was performed in R (R Core Team, 2019), relying 
extensively on R packages phyloseq (McMurdie and Holmes, 2013), 
dplyr (Wickham et al., 2019), vegan (Oksanen et al., 2019), ggplot2 
(Wickham, 2016), and deseq2 (Love et al., 2014). We entered corre-
sponding sample data for each study, noting parameters including soil 
type, amendment (with or without PyOM), PyOM production tempera-
ture, PyOM feedstock, pH of PyOM, pH of PyOM-amended soil, and 
others, where present within the corresponding papers or archived 
sequence data (Supplementary Table S1). Where sample data were not 
explicitly matched to the sequencing data files (Dai et al. (2016, 2017a, 
b) and Song et al. (2017)), we used ordination plots and relative abun-
dances to manually match sequencing data to their corresponding 

sample data and treatment type based on the original paper. If soil type 
was not explicitly stated in the paper, soil type was speculated by 
locating the study site on the FAO/UNESCO Soil Map of the World (FAO, 
1947). 

In order to evaluate trends at different phylogenetic resolutions, we 
also created merged OTU tables at the genus, family, and order levels 
using the tax_glom function in phyloseq (McMurdie and Holmes, 2013). 
Merged OTUs were removed if they included ambiguous names, such as 
“uncultured”, “metagenome”, “ambiguous_taxa”, or “unknown”. 

2.3. Statistical analyses 

To compare community composition across soil types and with and 
without PyOM additions, we calculated Bray-Curtis dissimilarity 

Fig. 1. Principle Co-ordinates axes 1 (18%) and 2 (17%) for Bray-Curtis dissimilarities between samples with read abundances merged by taxonomy at the genus 
level to allow for cross-sample comparisons. Points are coloured by soil type/study (p ¼ 0.001, PERMANOVA). Circles indicate no addition controls, while triangles 
indicate PyOM-amended soils (p ¼ 0.001, PERMANOVA), excluding samples taken at time ¼ 0. 

Table 2 (continued ) 

Study Named Phyla Named Classes Named Orders Named Families Named Genera Named Species       

Dyella terrae       
Dokdonella sp. LM 2-5       
Sphingomonas pituitosa       
Sphingomonas chilensis       
Rhodococcus fascians       
Rhodococcus kyotonensis       
Rhodococcus cercidiphylli       
Rhodococcus sp. C5(2010)       
Prosthecobacter debontii       
Roseomonas stagni       
Hoeflea alexandrii       
Niastella koreensis       
Rhizobium sp. HT4       
Legionella longbeachae       
Cystobacter velatus       
Cystobacter miniatus       
Oligotropha 
carboxidovorans 

Xu et al., 
2016 

Proteobacteria    Nitrosospira   

Bacteriodtes       
Actinobacteria       
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between samples (Bray and Curtis, 1957), normalized by relative 
abundance, and testing for effects of PyOM additions and soil type/study 
using permutational multivariate ANOVA on Bray-Curtis dissimilarities 
as implemented in vegan as the “adonis” function (Oksanen et al., 2019). 
In order to examine the effect of PyOM on the bacterial community after 
controlling for soil type/study, we used partial distance-based redun-
dancy analysis (dbRDA) on Bray-Curtis dissimilarities as implemented in 
vegan under the capscale function (Oksanen et al., 2019). 

In order to try to identify whether other factors such as effect of 
PyOM over time, PyOM application rate, PyOM production temperature, 
and PyOM-induced pH shifts determined the degree of effect of PyOM on 
bacterial community composition, we used ANOVAs to test whether 
dissimilarities between PyOM-amended plots and their corresponding 
(time-matched) control plots and the variables of interest were different 
across the variable of interest (for the relevant studies) as implemented 
in vegan (Oksanen et al., 2019). 

To look for consistent PyOM-responsive taxa across studies, we 
calculated log2-fold change values in taxon abundances with vs. without 
PyOM additions, testing each different study, soil type, char type 
(separating feedstocks and temperatures but combining rates), and 
timepoint separately using deseq2 (Love et al., 2014). Because of the 
obvious risk of multiple comparisons across this many sub-datasets 
yielding many spurious “significant” responders, we combined the 

results from all datasets and adjusted p-values across the combined 
datasets using a Benjamini-Hochberg correction (p < 0.05), thus 
attempting to limit false discoveries. We used this approach at the OTU, 
genus, family, and order level. We then identified taxa that consistently 
increased in relative abundance with PyOM additions across studies. In 
order to merit reporting a response, we required that the taxonomic 
grouping (OTU, genus, family, or order) be designated as a positive 
responder in at least three different soils/studies and that it be present in 
at least five different studies. We then consider on a qualitative basis the 
extent to which this response is consistent across studies. 

To compare the responses of individual OTUs to PyOM produced at 
different temperatures, or to the same PyOM at different timepoints, we 
tested for a linear relationship between the log2-fold change of all OTUs 
that responded in at least one timepoint or temperature using an ANOVA 
as implemented in vegan (Oksanen et al., 2019). All code used for an-
alyses in this paper can be found at github. 
com/whitmanlab/Meta-analysis. 

3. Results 

3.1. Whole community responses to PyOM additions 

Soil bacterial communities were structured by study/soil type 

Fig. 2. Partial dbRDA for Bray-Curtis dis-
similarities between samples with read 
abundances merged by taxonomy at the 
genus level to allow for cross-sample com-
parisons, controlling for soil type/study and 
constraining by PyOM additions for samples 
(top) and genera (bottom and inset). For top 
panel (samples), points represent samples 
are coloured by whether or not PyOM was 
added (black triangles ¼ PyOM, grey 
circles ¼ Control). For bottom panel 
(genera), points represent genera and are 
coloured by the most abundant phyla, and 
the 10 most divergent genera along the 
constrained axis are labelled. Note inset with 
different scale to show Candidatus Udaeo-
bacter datapoint (þ).   
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Fig. 3. Relative abundance of 12 most abundant phyla across studies and treatments. Black outlines with grey fill represent control (no addition) samples, while grey 
outlines with coloured fill represent samples with PyOM additions. PyOM samples are coloured by increasing (yellow to red) low to high production temperatures. 
Samples within a given study are ordered from left to right by increasing incubation time (including corresponding control) and then within incubation time by 
increasing application rates. The x-axis is labelled by soil type, and, then, in cases of duplication, distinguished by author or weeks of PyOM exposure in parentheses. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(PERMANOVA, p ¼ 0.001), and by whether PyOM had been added 
(PERMANOVA, p ¼ 0.004). The explanatory power of study/soil type 
(R2 ¼ 0.81) was many times greater than the explanatory power of 
PyOM additions (R2 ¼ 0.003) (Fig. 1). 

The explanatory power of PyOM additions alone, after controlling for 
soil type/study using a partial dbRDA, was minimal, and only explained 
0.3% of the total variation in the dataset (p ¼ 0.001) (Fig. 2). 

Bacterial communities in PyOM-amended plots became more similar 
to their corresponding control plots over time in one study (Song et al. 
(2017); ANOVA, Tukey’s HSD, Bray-Curtis dissimilarity to control at 12 
weeks was 0.11 units lower than at 4 weeks (p ¼ 0.04)), but did not 
differ in their similarity to control plots over time in another (Whitman 
et al. (2016); ANOVA, Tukey’s HSD, 1.5 weeks vs. 12 weeks (p ¼ 0.99)). 
In the study where char had been present for two years before the 
study’s initiation, PyOM vs. control plots became slightly more similar in 
the two later timepoints within the study (Yao et al. (2017); ANOVA, 
Tukey’s HSD, Bray-Curtis dissimilarity to control at 104 weeks was 0.06 
higher than at 121weeks (p ¼ 0.004), and 0.05 higher at 104 weeks than 
at 128 weeks (p ¼ 0.03)). 

PyOM application rates ranged dramatically, from 1.1 to 100 t ha� 1 

(and from 10 to 30 g kg� 1, where reported on a mass basis) (Table 1), 
and the effect of increasing application rates on the PyOM-amended vs. 
control plots varied across studies and over time. For example, with the 
exception of the 112 week timepoint, controlling for incubation time, 
increasing application rates between 50 and 200 t ha� 1 resulted in 
slightly more dissimilar communities (Yao et al., 2017; ANOVA, Tukey’s 
HSD, Bray-Curtis dissimilarity to control at 200 t PyOM ha� 1 was 0.07 
higher than at 50 t PyOM ha� 1 (p ¼ 2 � 10� 16)). For Song et al. (2017), 
controlling for PyOM production temperature, increasing applications 
from 10.1 to 20.4 g PyOM kg� 1 soil produced increasingly dissimilar 
communities at 4 weeks (ANOVA, Tukey’s HSD, Bray-Curtis dissimi-
larity to control at 20.4 g PyOM kg� 1 soil was 0.12 higher than at 10.1 g 
PyOM kg� 1 soil (p ¼ 0.02)), but no differences by 12 weeks (ANOVA, 
p ¼ 0.57). Conversely, dissimilarities between PyOM-amended plots and 
control plots decreased when application rate increased from 2.3 to 
14.3 t ha� 1, (Imparato et al., 2016; ANOVA, Tukey’s HSD, Bray-Curtis 

dissimilarity to control at 14.3 t ha� 1 was 0.07 lower than at 
2.3 t ha� 1 (p ¼ 2 � 10� 5)). 

Two studies considered different PyOM production temperatures. 
Despite having the same char types, application rates, and incubation 
times in the two Dai et al. (2017a,b) soils, the 700 �C PyOM community 
was much more dissimilar to the control than the 300 �C community in 
the Argiustoll (ANOVA, Tukey’s HSD, Bray-Curtis dissimilarity to con-
trol at 300 �C was 0.28 higher than at 600 �C (p ¼ 2 � 10� 16)), but no 
trend was seen in the Psammaquent (ANOVA, p ¼ 0.22). In the one other 
study with different PyOM types (Song et al., 2017), the two different 
PyOM temperatures (300 �C vs. 600 �C) did not have different dissimi-
larities from the control (ANOVA, p4 weeks ¼ 0.74; p12 weeks ¼ 0.57, 
controlling for application rate). 

For the studies that reported post-amendment pH values, we did not 
find a consistent relationship between change in pH with PyOM addi-
tions and dissimilarity between PyOM-amended and unamended soils 
(Supplementary Fig. S1). 

3.2. Phylum-level responses to PyOM 

There were few consistent patterns at the phylum level (Fig. 3), 
making it almost impossible to make generalizations about responses to 
PyOM at the phylum level. 

3.3. OTU-, genus-, family-, and order-level responses to PyOM additions 

We identified 12 genera that contained OTUs that were enriched 
with PyOM additions in at least three studies/soil types and were present 
in at least five different studies/soil types. However, all of these genera 
also contained OTUs with no or negative responses to PyOM (Fig. 4 and 
Supplementary Fig. S2). Of these responsive genera, the strongest re-
sponses (unweighted mean across all OTUs) were found in Nov-
iherbaspirillum (6.6x mean increase with PyOM, present in 6 studies), 
Micromonospora (5.9x mean increase with PyOM, present in 5 studies), 
and Ramlibacter (5.8x mean increase with PyOM, present in 6 studies). 

When we performed the same analysis using OTU tables merged at 
the genus level, we identified only 3 responder genera (Supplementary 
Figs. S3 and S4). These were Nocardioides (5.7x mean increase with 
PyOM, present in 9 studies), Mesorhizobium (3.1x mean increase with 
PyOM, present in 9 studies), and Noviherbaspirillum (2.8x mean increase 
with PyOM, present in 5 studies). 

When we performed the same analysis using OTU tables merged at 
the family level, we identified 7 families that were significantly enriched 
with PyOM additions in at least three studies/soil types and were 
detected in at least five different studies/soil types: Microbacteriaceae, 
Micromonosporaceae, and Micrococcaceae in the Actinobacteria phylum, 
and Rhizobiaceae, Beijerinckiaceae, Acetobacteraceae, and Sphingomona-
daceae in the Proteobacteria phylum (Supplementary Figs. S5 and S6). 
Similarly to the OTU and genus levels, when analyzing the data merged 
at the family level, response to PyOM at the family level was not 
necessarily consistent across studies, and the highest mean response was 
only 2.7x (for Rhizobiaceae, which also had the widest range of 
responses). 

Finally, when we performed the same analysis using OTU 
tables merged at the order level, we identified 4 orders that were 
significantly enriched with PyOM additions in at least three studies/soil 
types and were detected in at least five different studies/soil types: 
Propionibcteriales, Micromonosporales and Micrococcales, in the Actino-
bacteria phylum, and Acetobacterales and Rhizobiales in the Proteobacteria 
phylum (Supplementary Figs. S7 and S8). Still, the mean response for all 
orders was less than 2x. 

Numerous taxa that were identified as PyOM responders in the 
original studies were not detected as being positive responders in this 
study. This is likely due in no small part to the increased number of 
comparisons that were performed in this meta-analysis, which resulted 
in greater stringency for a p-value to indicate a strong effect. 

Fig. 4. Log2-fold change with PyOM additions vs. control for OTUs across all 
studies within responsive genera. Only genera that were identified as re-
sponders in at least three studies/soil types and were present in at least five 
studies are shown. Boxplots are coloured by phylum. If there were multiple 
timepoints or multiple types of PyOM in a single study, the response of the 
genus is counted for each. Individual responses of each OTU for each study are 
shown in Supplementary Fig. S2. 
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Additionally, in the analyses where we pooled taxa at the genus level or 
higher, responses of individual species or strains within that group 
might have been obscured by the non-responsive members of that group 
that were pooled together. 

For the three studies that considered different temperatures of PyOM 
(two of which used the same PyOM materials), there was a positive 
relationship between the responses of the same OTUs at the two 
different temperatures in each case (ANOVA, p ¼ 0.001; Supplementary 
Figs. S9–S11). For two of the three studies that considered the same 
material at different timepoints, there was a positive relationship in 
OTUs’ response between the two different timepoints (Whitman et al. 
(2016), ANOVA, p ¼ 0.02; Song et al. (2017), ANOVA, p ¼ 0.001; 
Supplementary Figs. S12–S14), but there is substantial variability within 
the responses. 

4. Discussion 

4.1. Soil type determines microbial community composition much more 
than PyOM additions 

Although the addition of PyOM to soils altered the total bacterial 
community composition across studies individually, this effect was very 
small at the whole community level (Figs. 1 and 2). I.e., the soils 
analyzed here are sufficiently different to begin with that there is not a 
“typical” PyOM-induced community that overpowers the effects of the 
original soils. This is not necessarily surprising – the soils in this paper 
span diverse regions of the globe, and numerous other factors, such as 
pH or moisture, are likely structuring the communities (Delgado-Ba-
querizo et al., 2018; Rousk et al., 2010). Furthermore, for the studies 
that included different timepoints, the effects of PyOM on microbial 
community composition did not increase with time. This relative resil-
ience of bacterial communities after PyOM amendments suggest that, 
although PyOM additions can cause a subset of the community to in-
crease in abundance, it is unlikely that PyOM amendments would 
change the core composition, and, hence, long-term functional potential 
of a soil microbial community. The samples analyzed here were 
collected after a range of PyOM exposure durations, from less than two 
weeks (Whitman et al., 2016) to over two years (Yao et al., 2017), and a 
range of application rates, from 1.1 Mg PyOM ha� 1 (Nielsen et al., 2014) 
to 200 Mg PyOM ha� 1 (Yao et al., 2017). Despite this extreme range, the 
bacterial communities of PyOM-amended soils still broadly resembled 
their unamended counterparts, much more than they resembled 
different soils that had been amended with PyOM. Thus, the utility of 
examining the soil bacterial community response to PyOM likely lies 
primarily in understanding which microbes may be responsible for 
PyOM-induced changes in processes of interest, such as C 
mineralization. 

4.2. Neither phylum-level nor genus-level responses to PyOM are 
consistent across soils and PyOM types 

Each study included in this review reported some generalizations at 
the phylum level in their discussions of bacterial community response to 
PyOM (Table 2). However, we did not observe consistent phylum-level 
responses to PyOM amendments across studies (Fig. 2). There are 
numerous reasons this is not surprising. Phyla are extremely diverse 
groupings of bacteria, and encompass numerous taxa that are geneti-
cally and functionally very different. However, we also did not find 
strongly consistent PyOM responses across OTUs within a single genus, 
which, of course, is a much finer taxonomic scale (Fig. 4; Supplemental 
Fig. S2). This highlights that even genus-level groupings likely contain 
important functional diversity. However, it also underscores the fact 
that ten studies are clearly inadequate to span the full range of possible 
combinations of soil types, PyOM materials, application rates, study 
durations, and environmental conditions. Thus, if a given phylum or 
genus was observed to have a consistent response within one study, it is 

perhaps not surprising if it had the opposite response in another. For 
example, there are consistent small increases in Chloroflexi with corn 
PyOM additions in the Mollisol of Yao et al. (2017), but substantial 
decreases in Chloroflexi with manure PyOM additions in the Psamma-
quent of Dai et al. (2017a,b) (Fig. 3). Just as one would not likely write a 
paper describing the effects of “organic matter” additions on Chloroflexi, 
without distinguishing between corn and manure, one should not expect 
consistent responses from PyOM that is made from such different ma-
terials. While PyOM materials do share or converge upon numerous 
common characteristics (particularly at high production temperatures), 
they can still differ substantially in fundamental properties such as 
nutrient availability, pH, or easily-mineralizable C (Enders et al., 2012; 
Whitman et al., 2013). Furthermore, their effects will interact with the 
properties of the soil to which they are applied. Thus, it is likely that we 
will gain the most predictive understanding by considering the effects of 
PyOM on bacteria in the context of the materials’ differing properties, 
and not expecting a consistent “PyOM effect”. 

4.3. Common PyOM responders include putative aromatic C degraders 

Given the wide range of bacterial community responses that is to be 
expected from studies as divergent as those considered here, it is perhaps 
most surprising that we were able to identify a number of genera that do 
seem to have consistent responses across multiple soils. This suggests 
that, despite wide-ranging community-level responses to PyOM, there 
are taxa that often increase in relative abundance after PyOM additions. 
The responsive genera (Fig. 4 and Supplemental Fig. S3) mostly come 
from phyla that have previously been identified as being more abundant 
post-fire: Actinobacteria and Proteobacteria (Cobo-Díaz et al., 2015; 
Mikita-Barbato et al., 2015; Smith et al., 2008; Weber et al., 2014). More 
importantly, specific genera we identified as PyOM-responders here 
have been previously identified as being fire-responders in other studies, 
including Nocardioides, Noviherbaspirillum, Phenylobacterium (Whitman 
et al., 2019), Sphingomonas (Sun et al., 2016; Weber et al., 2014; Whit-
man et al., 2019), and Microvirga (Fern�andez-Gonz�alez et al., 2017). This 
suggests that part of bacterial response to fires might be common to their 
response to PyOM additions. 

Similarly, many of these PyOM-responders have also been identified 
as being from genera that also contain polyaromatic hydrocarbon (PAH) 
degraders, as recently reviewed by (Ghosal et al., 2016). Sphingomonas 
was one of the genera that was found to be enriched with PyOM addi-
tions in two different studies, while Noviherbaspirillium and Nocardioides 
were found to be enriched in three. Members of Nocardioides have pre-
viously been identified as putative degraders of PAHs, such as phenan-
threne by Nocardioides sp. strain KP7 (Iwabuchi and Harayama, 1998). 
Additionally (Zhao et al., 2018), observed Nocardioides sp. to be asso-
ciated with the presence of numerous PAH types in a 12-m deep bore-
hole near a coking chemical plant in Beijing, China. Similarly 
(Manucharova et al., 2017), observed increases in Nocardioides sp. in 
haplic abruptic Luvisols in Russia that had been treated with gasoline 
and diesel fuel. For genus Noviherbaspirillum, one of its first isolates 
(N. malthae) was cultured under oil enrichment from an 
oil-contaminated soil in Taiwan (Lin et al., 2013). Sphingomonas sp. are 
also commonly-identified as being able to degrade a wide range of PAHs 
(Ghosal et al., 2016), possibly through genes carried on large plasmids 
(Basta et al., 2005). Thus, one possible explanation for the significantly 
increased abundance of Nocardioides, Noviherbaspirillum, or Sphingomo-
nas with PyOM additions could be that the organisms are able to degrade 
the aromatic carbon associated with PyOM additions. 

The identification of Mesorhizobium as a PyOM-responsive genus in 
three studies (Supplemetnal Fig. S3) is interesting, because Meso-
rhizobium spp. are perhaps most readily known for their ability to fix 
nitrogen (Zehr et al., 2003). However, the 16S sequence of the most 
abundant Mesorhizobium genus in the Dai et al. (2017b) study is a 100% 
match to a Mesorhizobium sp. that was isolated from a “bacterial con-
sortium degrading a mixture of hydrocarbons, gasoline, and diesel oil” 
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(GenBank ID: KM047474.1). On its own, that Mesorhizobium isolate had 
a marked ability to degrade numerous complex carbon compounds, 
including benzene, toluene, ethylbenzene, and xylene compounds, 
naphthalene, and cyclohexane (Auffret et al., 2015). We did not identify 
Mesorhizobium as a PyOM-responsive genus for the Ye et al. (2016) soil 
(perhaps due to the stringent statistical cutoffs in this paper to define a 
responder), but the original paper did note it as being associated with 
PyOM (when combined with compost additions). However, the inter-
pretation in the original paper focuses on its possible role as a putative 
N2-fixer, and it did not seem to increase in relative abundance with 
PyOM amendments alone. None of the other papers analyzed here 
focused on this genus as a core PyOM-responder during their discussion. 
As described in the introduction, with numerous responsive OTUs, it is 
usually impractical to discuss all the individual OTUs in a given paper. 
However, by comparing across studies, we have identified the enrich-
ment of Mesorhizobium with PyOM additions – and suggested an inter-
esting putative reason – its potential ability to degrade aromatic C 
compounds. 

4.4. Recommendations and future areas of study 

The processes that determine the structure of soil biotic communities 
and how changes to these systems affect the soil microbial community 
remain questions of fundamental interest. There are many reasons why 
it is important to understand the effects of wildfire or biochar additions 
on soil microbes. These include predicting biogeochemical implications 
of changing fire regimes and recognizing how the microbial community 
composition influences how PyOM impacts the changes in greenhouse 
gas emissions or plant growth. In our study, we showed that across the 
studies analyzed, the addition of PyOM caused only a very small 
consistent shift in community composition, and, ultimately, pre- 
addition soil characteristics were much more important than PyOM 
additions for predicting community composition. However, although 
the whole-community response to PyOM was not consistent, we did 
identify some genera that contained positive responders in at least three 
studies, some of which are known PAH degraders or have previously 
been identified as being enriched after wildfires: Nocardioides, Nov-
iherbaspirillum, Phenylobacterium, Sphingomonas, Mesorhizobium, and 
Microvirga. However, the overarching findings of this study suggest that 
our current ability to consistently predict the response of specific bac-
teria to PyOM additions is severely limited, likely both by the diversity 
of the microorganisms as well as the diversity of soil types, PyOM ma-
terials, and study designs. 

Thus, we propose some considerations to help design future studies, 
aimed at improving our ability to collectively advance our under-
standing of these systems. To start, the review by Jeffery et al. (2015) 
offers valuable suggestions on robust experimental design, appropriate 
controls, and standardized reporting across PyOM-addition studies, 
while Fierer (2017), Shade (2017), and Baldrian (2019) all offer useful 
suggestions for improving our understanding of microbial communities 
and processes. In addition to emphasizing these recommendations, we 
draw from principles discussed in The ASA Statement on P-Values and 
Statistical Significance (Wasserstein and Lazar, 2016), and, particularly, 
some of the subsequent recommendations for moving beyond p-values 
from a follow-up special issue (including the editorial by Wasserstein 
et al., 2019 and Ziliak, 2019). Reporting p-values as exact numbers and 
avoiding the term “statistically significant” will help us avoid putting 
undue weight on the p-value as a binary indicator of the intrinsic value 
of a given finding. Instead, we should remember to focus on the effect 
sizes (how much is the variable affected?) and their real-world meanings 
(why does this effect size matter?), and on cross-study or cross-system 
effect consistency (how generalizable is this effect?). In the case of the 
effects of PyOM additions to soil on soil bacteria, we might approach this 
by establishing, before beginning the study, how abundant a taxon needs 
to be in order to be of interest (e.g., likely at least present in all samples) 
and what levels of increases in the numbers of a given taxon would be of 

interest (e.g., perhaps we decide we are interested in taxa that double or 
more in abundance). Then, we would need to discuss our findings in 
these terms, focusing on the effect size, and reporting exact p-values (if 
another statistical approach is not used). Furthermore, we would refrain 
from suggesting our observations will be broadly upheld across systems 
until sufficient other studies in similar and in different systems have 
been conducted. 

In order to be able to deepen our understanding by comparing results 
across studies, it is essential that data be accessible, ideally in their raw 
form and with appropriate and clear metadata. If this had been standard 
practice, we would have had 6 more studies to analyze in this current 
paper, increasing our total to 16. The availability of raw data is partic-
ularly important for soil microbial community analyses, because of the 
extreme diversity that we deal with in such datasets. One important 
recommendation from Wasserstein et al. (2019) is that we report the 
results of all tests that we do – not just those with p values < 0.05. For 
tests that are applied to thousands of OTUs, this suggestion would be 
impractical and make for unreadable papers. However, by focusing on 
and reporting only significant responders, we run the risk of bias when 
scanning the text of other papers looking for examples of other studies 
that found the same effects as ourselves. We might easily conclude that a 
given organism responds in a certain way consistently, without knowing 
whether it was not responsive or even not present in studies where it is 
not mentioned. Making raw data available is at least one step in the 
direction of allowing for consistent inter-study comparability. This 
would also help with finer-scale analyses in general: making inter-study 
comparisons of microbial community responses from stacked bar charts 
is nearly impossible. 

We appreciate the recommendations from (Wasserstein et al., 2019) 
that we follow the ATOM model: “Accept uncertainty. Be thoughtful, 
open, and modest” when designing, conducting, and reporting research. 
We also note that a predictive understanding of the responses of mi-
crobial communities to PyOM additions remains limited by the wide 
range of soil properties, PyOM properties, application rates, experi-
mental conditions, and timescales that current studies span. Because of 
this, it is imperative that we do not readily extrapolate findings from one 
system to another system without rigorous cross-study comparisons. 
Finally, we underscore that in order to advance our understanding of 
these systems, it is essential that researchers make their data available. 
Similarly, we thank the authors from all the studies considered here for 
doing so, without which, we would have been limited to synthesizing 
and re-reporting only the author-reported findings. 

Acknowledgements 

We thank the authors of the papers included in this review for 
making their data publicly available or sharing their data directly. 
Funding: This work was supported by the U.S. Department of Energy 
[DE-SC0016365]. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.soilbio.2019.107678. 

References 

Ameloot, N., Graber, E.R., Verheijen, F.G.A., De Neve, S., 2013. Interactions between 
biochar stability and soil organisms: review and research needs. European Journal of 
Soil Science 64, 379–390. https://doi.org/10.1111/ejss.12064. 

Auffret, M.D., Yergeau, �E., Labb�e, D., Fayolle-Guichard, F., Greer, C.W., 2015. 
Importance of Rhodococcus strains in a bacterial consortium degrading a mixture of 
hydrocarbons, gasoline, and diesel oil additives revealed by metatranscriptomic 
analysis. Applied Microbiology and Biotechnology 99, 2419–2430. 

Baldrian, P., 2019. The known and the unknown in soil microbial ecology. FEMS 
Microbiology Ecology 95, e0132783. https://doi.org/10.1093/femsec/fiz005. 

Basta, T., Buerger, S., Stolz, A., 2005. Structural and replicative diversity of large 
plasmids from sphingomonads that degrade polycyclic aromatic compounds and 

J. Woolet and T. Whitman                                                                                                                                                                                                                    

https://doi.org/10.1016/j.soilbio.2019.107678
https://doi.org/10.1016/j.soilbio.2019.107678
https://doi.org/10.1111/ejss.12064
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref2
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref2
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref2
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref2
https://doi.org/10.1093/femsec/fiz005


Soil Biology and Biochemistry 141 (2020) 107678

15

xenobiotics. Microbiology (Reading) 151, 2025–2037. https://doi.org/10.1099/ 
mic.0.27965-0. 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C., et al., 2018. QIIME 2: 
Reproducible, interactive, scalable, and extensible microbiome data science. PeerJ 
Preprints 6, e27295v2. https://doi.org/10.7287/peerj.preprints.27295v2. 

Bray, J.R., Curtis, J.T., 1957. An ordination of the upland forest communities of Southern 
Wisconsin. Ecological Monographs 27, 325–349. https://doi.org/10.2307/1942268. 

Bushnell, B., Rood, J., Singer, E., 2017. BBMerge - accurate paired shotgun read merging 
via overlap. - PubMed - NCBI. PLoS One 12, e0185056. https://doi.org/10.1371/ 
journal.pone.0185056. 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 
2016. DADA2: high-resolution sample inference from Illumina amplicon data. 
Nature Methods 13, 581–583. https://doi.org/10.1038/nmeth.3869. 

Certini, G., 2005. Effects of fire on properties of forest soils: a review. Oecologia 143, 
1–10. https://doi.org/10.1007/s00442-004-1788-8. 

Chen, H., Ma, J., Wei, J., Gong, X., Yu, X., Guo, H., Zhao, Y., 2018. Biochar increases 
plant growth and alters microbial communities via regulating the moisture and 
temperature of green roof substrates. The Science of the Total Environment 635, 
333–342. https://doi.org/10.1016/j.scitotenv.2018.04.127. 

Cobo-Díaz, J.F., Fern�andez-Gonz�alez, A.J., Villadas, P.J., Robles, A.B., Toro, N., 
Fern�andez-L�opez, M., 2015. Metagenomic assessment of the potential microbial 
nitrogen pathways in the rhizosphere of a mediterranean forest after a wildfire. 
Microbial Ecology 69, 895–904. https://doi.org/10.1007/s00248-015-0586-7. 

Czimczik, C.I., Masiello, C.A., 2007. Controls on black carbon storage in soils. Global 
Biogeochemical Cycles 21, GB3005. https://doi.org/10.1029/2006GB002798. 

Dai, Z., Barber�an, A., Li, Y., Brookes, P.C., Xu, J., 2017a. Bacterial community 
composition associated with pyrogenic organic matter (biochar) varies with 
pyrolysis temperature and colonization environment. mSphere 2. https://doi.org/ 
10.1128/mSphere.00085-17, 326–13.  

Dai, Z., Barber�an, A., Li, Y., Brookes, P.C., Xu, J., Kent, A.D., 2017b. Bacterial community 
composition associated with pyrogenic organic matter (biochar) varies with 
pyrolysis temperature and colonization environment. mSphere 2. https://doi.org/ 
10.1128/mSphere.00085-17 e00085–17.  

Dai, Z., Hu, J., Xu, X., Zhang, L., Brookes, P.C., He, Y., Xu, J., 2016. Sensitive responders 
among bacterial and fungal microbiome to pyrogenic organic matter (biochar) 
addition differed greatly between rhizosphere and bulk soils. Scientific Reports 
1–11. https://doi.org/10.1038/srep36101. 

DeCiucies, S., Whitman, T., Woolf, D., Enders, A., Lehmann, J., 2018. Priming 
mechanisms with additions of pyrogenic organic matter to soil. Geochimica et 
Cosmochimica Acta 238, 329–342. https://doi.org/10.1016/j.gca.2018.07.004. 

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-Gonz�alez, A., Eldridge, D. 
J., Bardgett, R.D., Maestre, F.T., Singh, B.K., Fierer, N., 2018. A global atlas of the 
dominant bacteria found in soil. Science 359, 320–325. https://doi.org/10.1126/ 
science.aap9516. 

Ding, F., van Zwieten, L., Zhang, W., Weng, Z.H., Shi, S., Wang, J., Meng, J., 2017. 
A meta-analysis and critical evaluation of influencing factors on soil carbon priming 
following biochar amendment. Journal of Soils and Sediments 18, 1507–1517. 
https://doi.org/10.1007/s11368-017-1899-6. 

Enders, A., Hanley, K., Whitman, T., Joseph, S., Lehmann, J., 2012. Characterization of 
biochars to evaluate recalcitrance and agronomic performance. Bioresource 
Technology 114, 644–653. https://doi.org/10.1016/j.biortech.2012.03.022. 

Ensminger, P.W., Culbertson, C.G., Powell, H.M., 1953. Antigenic hemophilus-pertussis 
vaccines grown on charcoal agar. Journal of Infectious Diseases 93, 266–268. 

(FAO) Food and Agriculture Organization, 1974. In: FAO-UNESCO Soil Map of the 
World, vol. I. UNESCO, Paris.  

Fern�andez-Gonz�alez, A.J., Martínez-Hidalgo, P., Cobo-Díaz, J.F., Villadas, P.J., Martínez- 
Molina, E., Toro, N., Tringe, S.G., Fern�andez-L�opez, M., 2017. The rhizosphere 
microbiome of burned holm-oak: potential role of the genus Arthrobacter in the 
recovery of burned soils. Scientific Reports 7, 6008. https://doi.org/10.1038/ 
s41598-017-06112-3. 

Fierer, N., 2017. Embracing the unknown: disentangling the complexities of the soil 
microbiome. Nature Reviews Microbiology 22. https://doi.org/10.1038/ 
nrmicro.2017.87 nrmicro.2017.87.  

Fierer, N., Grandy, A.S., Six, J., Paul, E.A., 2009. Searching for unifying principles in soil 
ecology. Soil Biology and Biochemistry 41, 2249–2256. 

Ghosal, D., Ghosh, S., Dutta, T.K., Ahn, Y., 2016. Current state of knowledge in microbial 
degradation of polycyclic aromatic hydrocarbons (PAHs): a review. Terrestrial 
Microbiology 7, 107–127. https://doi.org/10.3389/fmicb.2016.01369. 

Glass, V., Kennett, S.J., 1939. The effect of various forms of particulate carbon on the 
growth of the gonococcus and meningococcus. Journal of Pathology & Bacteriology 
49, 125–133. https://doi.org/10.1002/path.1700490113. 

Gorelick, A.N., Mead, D.D., Kelly, E.H., 1951. The growth of bacteria in a charcoal- 
cellophane system. Journal of Bacteriology 61, 507–513. 

Gul, S., Whalen K., J., Thomas W., B., Sachdeva, V., Deng, H., 2015. Physico-chemical 
properties and microbial responses in biochar-amended soils: Mechanisms and 
future directions. Agriculture, Ecosystems & Environment 206, 46–59. https://doi. 
org/10.1016/j.agee.2015.03.015. 

Hall, E.K., Bernhardt, E.S., Bier, R.L., Bradford, M.A., Boot, C.M., Cotner, J.B., del 
Giorgio, P.A., Evans, S.E., Graham, E.B., Jones, S.E., Lennon, J.T., Locey, K.J., 
Nemergut, D., Osborne, B.B., Rocca, J.D., Schimel, J.P., Waldrop, M.P., 
Wallenstein, M.D., 2018. Understanding how microbiomes influence the systems 
they inhabit. Nature Microbiology 3, 977–982. https://doi.org/10.1038/s41564- 
018-0201-z. 

Hart, S.C., DeLuca, T.H., Newman, G.S., MacKenzie, M.D., Boyle, S.I., 2005. Post-fire 
vegetative dynamics as drivers of microbial community structure and function in 

forest soils. Forest Ecology and Management 220, 166–184. https://doi.org/ 
10.1016/j.foreco.2005.08.012. 

Holden, S.R., Treseder, K.K., 2013. A meta-analysis of soil microbial biomass responses to 
forest disturbances. Terrestrial Microbiology 4, 1–17. https://doi.org/10.3389/ 
fmicb.2013.00163. 

Imparato, V., Hansen, V., Santos, S.S., Nielsen, T.K., Giagnoni, L., Hauggaard-Nielsen, H., 
Johansen, A., Renella, G., Winding, A., 2016. Gasification biochar has limited effects 
on functional and structural diversity of soil microbial communities in a temperate 
agroecosystem. Soil Biology and Biochemistry 99, 128–136. https://doi.org/ 
10.1016/j.soilbio.2016.05.004. 

Iwabuchi, T., Harayama, S., 1998. Biochemical and genetic characterization oftrans-20- 
carboxybenzalpyruvate hydratase-aldolase from a phenanthrene-degrading 
Nocardioides strain. Journal of Bacteriology 180, 945–949. 

Jeffery, S., Bezemer, T.M., Cornelissen, G., Kuyper, T.W., Lehmann, J., Mommer, L., 
Sohi, S.P., van de Voorde, T.F.J., Wardle, D.A., van Groenigen, J.W., 2015. The way 
forward in biochar research: targeting trade-offs between the potential wins. Global 
Change Biology Bioenergy 7, 1–13. https://doi.org/10.1111/gcbb.12132. 

Jeffery, S., Verheijen, F.G.A., van der Velde, M., Bastos, A.C., 2011. A quantitative review 
of the effects of biochar application to soils on crop productivity using meta-analysis. 
Agriculture, Ecosystems & Environment 144, 175–187. https://doi.org/10.1016/j. 
agee.2011.08.015. 

Judd, C.R., Koyama, A., Simmons, M.P., Brewer, P., Fischer von, J.C., 2016. Co-variation 
in methanotroph community composition and activity in three temperate grassland 
soils. Soil Biology and Biochemistry 95, 78–86. https://doi.org/10.1016/j. 
soilbio.2015.12.014. 

Kammann, C., Ippolito, J., Hagemann, N., Borchard, N., Luz Cayuela, M., Estavillo, J.M., 
Fuertes-Mendizabal, T., Jeffery, S., Kern, J., Novak, J., Rasse, D., Saarnio, S., 
Schmidt, H.-P., Spokas, K., Wrage-Moennig, N., 2017. Biochar as a tool to reduce the 
agricultural greenhouse-gas burden - knowns, unknowns and future research needs. 
Journal of Environmental Engineering and Landscape Management 25, 114–139. 
https://doi.org/10.3846/16486897.2017.1319375. 

Krishnamurti, K., Soman, S.V., 1951. Studies in the adsorption of bacteria. Proceedings of 
the Indian Academy of Sciences - Section B 34, 81–91. https://doi.org/10.1007/ 
BF03050562. 

Laird, D.A., 2008. The charcoal vision: a win–win–win scenario for simultaneously 
producing bioenergy, permanently sequestering carbon, while improving soil and 
water quality. Agronomy Journal 100, 178–181. https://doi.org/10.2134/ 
agronj2007.0161. 

Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011. 
Biochar effects on soil biota - a review. Soil Biology and Biochemistry 43, 
1812–1836. https://doi.org/10.1016/j.soilbio.2011.04.022. 

Lin, S.Y., Hameed, A., Arun, A.B., Liu, Y.C., Hsu, Y.H., Lai, W.A., Rekha, P.D., Young, C. 
C., 2013. Description of Noviherbaspirillum malthae gen. nov., sp. nov., isolated from 
an oil-contaminated soil, and proposal to reclassify Herbaspirillum soli, Herbaspirillum 
aurantiacum, Herbaspirillum canariense and Herbaspirillum psychrotolerans as 
Noviherbaspirillum soli comb. nov., Noviherbaspirillum aurantiacum comb. nov., 
Noviherbaspirillum canariense comb. nov. and Noviherbaspirillum psychrotolerans 
comb. nov. based on polyphasic analysis. International Journal of Systematic and 
Evolutionary Microbiology 63, 4100–4107. 

Love, M.I., Huber, W., Anders, S., 2014. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biology 15, 550. https://doi.org/ 
10.1186/gb-2013-14-4-r36. 

Luo, Y., Durenkamp, M., De Nobili, M., Lin, Q., Brookes, P.C., 2011. Short term soil 
priming effects and the mineralisation of biochar following its incorporation to soils 
of different pH. Soil Biology and Biochemistry 43, 2304–2314. https://doi.org/ 
10.1016/j.soilbio.2011.07.020. 

Mackie A., K., Marhan, S., Ditterich, F., Schmidt P., H., Kandeler, E., 2015. The effects of 
biochar and compost amendments on copper immobilization and soil 
microorganisms in a temperate vineyard. Agriculture, Ecosystems & Environment 
201, 58–69. https://doi.org/10.1016/j.agee.2014.12.001. 

Maestrini, B., Nannipieri, P., Abiven, S., 2014. A meta-analysis on pyrogenic organic 
matter induced priming effect. GCB Bioenergy 7, 577–590. https://doi.org/10.1111/ 
gcbb.12194. 

Manucharova, N.A., Kuteinikova, Y.V., Ivanov, P.V., Nikolaeva, S.K., Trofimov, V.T., 
Stepanov, P.Y., Tyapkina, E.V., Lipatov, D.N., Stepanov, A.L., 2017. Molecular 
analysis of the hydrolytic component of petroleum-contaminated soils and of soils 
remediated with chitin. Microbiology 86, 395–402. 

Masiello, C.A., Chen, Y., Gao, X., Liu, S., Cheng, H.-Y., Bennett, M.R., Rudgers, J.A., 
Wagner, D.S., Zygourakis, K., Silberg, J.J., 2013. Biochar and microbial signaling: 
production conditions determine effects on microbial communication, 47, 
11496–11503. https://doi.org/10.1021/es401458s. 

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive 
analysis and graphics of microbiome census data. PLoS One 8, e61217. https://doi. 
org/10.1371/journal.pone.0061217. 

Mikita-Barbato, R.A., Kelly, J.J., Tate III, R.L., 2015. Wildfire effects on the properties 
and microbial community structure of organic horizon soils in the New Jersey 
Pinelands. Soil Biology and Biochemistry 86, 67–76. https://doi.org/10.1016/j. 
soilbio.2015.03.021. 

Nielsen, S., Minchin, T., Kimber, S., van Zwieten, L., Gilbert, J., Munroe, P., Joseph, S., 
Thomas, T., 2014. Comparative analysis of the microbial communities in agricultural 
soil amended with enhanced biochars or traditional fertilisers. Agriculture, 
Ecosystems & Environment 191, 73–82. https://doi.org/10.1016/j. 
agee.2014.04.006. 

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., OHara, R.B., 
Simpson, G.L., Solymos, P., Stevens, M.H.H., Wagner, H., 2019. vegan: community 

J. Woolet and T. Whitman                                                                                                                                                                                                                    

https://doi.org/10.1099/mic.0.27965-0
https://doi.org/10.1099/mic.0.27965-0
https://doi.org/10.7287/peerj.preprints.27295v2
https://doi.org/10.2307/1942268
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1371/journal.pone.0185056
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1016/j.scitotenv.2018.04.127
https://doi.org/10.1007/s00248-015-0586-7
https://doi.org/10.1029/2006GB002798
https://doi.org/10.1128/mSphere.00085-17
https://doi.org/10.1128/mSphere.00085-17
https://doi.org/10.1128/mSphere.00085-17
https://doi.org/10.1128/mSphere.00085-17
https://doi.org/10.1038/srep36101
https://doi.org/10.1016/j.gca.2018.07.004
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1007/s11368-017-1899-6
https://doi.org/10.1016/j.biortech.2012.03.022
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref19
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref19
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref20
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref20
https://doi.org/10.1038/s41598-017-06112-3
https://doi.org/10.1038/s41598-017-06112-3
https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1038/nrmicro.2017.87
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref23
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref23
https://doi.org/10.3389/fmicb.2016.01369
https://doi.org/10.1002/path.1700490113
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref26
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref26
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1016/j.agee.2015.03.015
https://doi.org/10.1038/s41564-018-0201-z
https://doi.org/10.1038/s41564-018-0201-z
https://doi.org/10.1016/j.foreco.2005.08.012
https://doi.org/10.1016/j.foreco.2005.08.012
https://doi.org/10.3389/fmicb.2013.00163
https://doi.org/10.3389/fmicb.2013.00163
https://doi.org/10.1016/j.soilbio.2016.05.004
https://doi.org/10.1016/j.soilbio.2016.05.004
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref31
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref31
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref31
https://doi.org/10.1111/gcbb.12132
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1016/j.soilbio.2015.12.014
https://doi.org/10.1016/j.soilbio.2015.12.014
https://doi.org/10.3846/16486897.2017.1319375
https://doi.org/10.1007/BF03050562
https://doi.org/10.1007/BF03050562
https://doi.org/10.2134/agronj2007.0161
https://doi.org/10.2134/agronj2007.0161
https://doi.org/10.1016/j.soilbio.2011.04.022
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref39
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1016/j.soilbio.2011.07.020
https://doi.org/10.1016/j.soilbio.2011.07.020
https://doi.org/10.1016/j.agee.2014.12.001
https://doi.org/10.1111/gcbb.12194
https://doi.org/10.1111/gcbb.12194
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref43
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref43
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref43
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref43
https://doi.org/10.1021/es401458s
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.soilbio.2015.03.021
https://doi.org/10.1016/j.soilbio.2015.03.021
https://doi.org/10.1016/j.agee.2014.04.006
https://doi.org/10.1016/j.agee.2014.04.006


Soil Biology and Biochemistry 141 (2020) 107678

16

Ecology Package. R package version 2.5-6. https://CRAN.R-project.org/p 
ackage¼vegan. 

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., et al., 2011. Scikit- 
learn: machine learning in python. Journal of machine learning research 12, 
2825–2830. 

Pellegrini, A.F.A., Ahlstr€om, A., Hobbie, S.E., Reich, P.B., Nieradzik, L.P., Staver, A.C., 
Scharenbroch, B.C., Jumpponen, A., Anderegg, W.R.L., Randerson, J.T., Jackson, R. 
B., 2018. Fire frequency drives decadal changes in soil carbon and nitrogen and 
ecosystem productivity. Nature 553, 194–198. https://doi.org/10.1038/ 
nature24668. 

Pietik€ainen, J., Kiikkil€a, O., Fritze, H., 2000. Charcoal as a habitat for microbes and its 
effect on the microbial community of the underlying humus. Oikos 89, 231–242. 

Pressler, Y., Moore, J.C., Cotrufo, M.F., 2018. Belowground community responses to fire: 
meta-analysis reveals contrasting responses of soil microorganisms and mesofauna. 
Oikos. https://doi.org/10.1111/oik.05738. 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., 
Gl€ockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved 
data processing and web-based tools. Nucleic Acids Research 41, D590–D596. 
https://doi.org/10.1093/nar/gks1219. 

Quilliam, R.S., Glanville, H.C., Wade, S.C., 2013. Life in the “charosphere”–Does biochar 
in agricultural soil provide a significant habitat for microorganisms? Soil Biology 65, 
287–293. 

R Core Team, 2019. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.  

Reisser, M., Purves, R.S., Schmidt, M.W.I., Abiven, S., 2016. Pyrogenic carbon in soils: a 
literature-based inventory and a global estimation of its content in soil organic 
carbon and stocks. Frontiers of Earth Science 4, 1856. https://doi.org/10.3389/ 
feart.2016.00080. 

Rousk, J., Bååth, E., Brookes, P.C., Lauber, C.L., Lozupone, C., Caporaso, J.G., Knight, R., 
Fierer, N., 2010. Soil bacterial and fungal communities across a pH gradient in an 
arable soil. The ISME Journal 4, 1340–1351. https://doi.org/10.1038/ 
ismej.2010.58. 

Schmalenberger, A., Fox, A., 2016. Bacterial mobilization of nutrients from biochar- 
amended soils. Advances in Applied Microbiology 94, 109–159. https://doi.org/ 
10.1016/bs.aambs.2015.10.001. 

Shade, A., 2017. Diversity is the question, not the answer. The ISME Journal 11, 1–6. 
https://doi.org/10.1038/ismej.2016.118. 

Smith, N.R., Kishchuk, B.E., Mohn, W.W., 2008. Effects of wildfire and harvest 
disturbances on forest soil bacterial communities. Applied and Environmental 
Microbiology 74, 216–224. https://doi.org/10.1128/AEM.01355-07. 

Song, Y., Bian, Y., Wang, F., Xu, M., Ni, N., Yang, X., Gu, C., Jiang, X., 2017. Dynamic 
effects of biochar on the bacterial community structure in soil contaminated with 
polycyclic aromatic hydrocarbons. Journal of Agricultural and Food Chemistry 65, 
6789–6796. https://doi.org/10.1021/acs.jafc.7b02887. 

Sun, H., Santalahti, M., Pumpanen, J., K€oster, K., Berninger, F., Raffaello, T., Asiegbu, F. 
O., Heinonsalo, J., 2016. Bacterial community structure and function shift across a 
northern boreal forest fire chronosequence. Scientific Reports 6, 34. https://doi.org/ 
10.1038/srep32411. 

Wang, J., Xiong, Z., Kuzyakov, Y., 2016. Biochar stability in soil: meta-analysis of 
decomposition and priming effects. GCB Bioenergy 8, 512–523. https://doi.org/ 
10.1111/gcbb.12266. 

Wasserstein L., R., Lazar A., N., 2016. The ASA’s Statement on p-Values: Context, 
Process, and Purpose. The American Statistician 70, 129–133. https://doi.org/ 
10.1080/00031305.2016.1154108. 

Wasserstein, R.L., Schirm, A.L., Lazar, N.A., 2019. Moving to a world beyond “ p < 0.05”. 
The American Statistician 73, 1–19. https://doi.org/10.1080/ 
00031305.2019.1583913. 

Weber, C.F., Lockhart, J.S., Charaska, E., Aho, K., Lohse, K.A., 2014. Bacterial 
composition of soils in ponderosa pine and mixed conifer forests exposed to different 

wildfire burn severity. Soil Biology and Biochemistry 69, 242–250. https://doi.org/ 
10.1016/j.soilbio.2013.11.010. 

Whitman, T., Enders, A., Lehmann, J., 2014. Pyrogenic carbon additions to soil 
counteract positive priming of soil carbon mineralization by plants. Soil Biology and 
Biochemistry 73, 33–41. https://doi.org/10.1016/j.soilbio.2014.02.009. 

Whitman, T., Hanley, K., Enders, A., Lehmann, J., 2013. Predicting pyrogenic organic 
matter mineralization from its initial properties and implications for carbon 
management. Organic Geochemistry 64, 76–83. 

Whitman, T., Pepe-Ranney, C., Enders, A., Koechli, C., Campbell, A., Buckley, D.H., 
Lehmann, J., 2016. Dynamics of microbial community composition and soil organic 
carbon mineralization in soil following addition of pyrogenic and fresh organic 
matter. The ISME Journal 10, 2918–2930. https://doi.org/10.1038/ismej.2016.68. 

Whitman, T., Scholz, S.M., Lehmann, J., 2010. Biochar projects for mitigating climate 
change: an investigation of critical methodology issues for carbon accounting. 
Carbon Management 1, 89–107. https://doi.org/10.4155/cmt.10.4. 

Whitman, T., Singh, B.P., Zimmerman, A.R., 2015. Priming effects in biochar-amended 
soils: implications of biochar-soil organic matter interactions for carbon storage. In: 
Lehmann, J., Joseph, S. (Eds.), Biochar for Environmental Management. Routledge, 
New York, NY, pp. 455–487. 

Whitman, T., Whitman, E., Woolet, J., Flannigan D., M., Thompson K., D., Parisien, M.- 
A., 2019. Soil bacterial and fungal response to wildfires in the Canadian boreal forest 
across a burn severity gradient. Soil Biology and Biochemistry 138. https://doi.org/ 
10.1016/j.soilbio.2019.107571. 

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New 
York.  

Wickham, H., François, R., Henry, L., Müller, K., 2019. dplyr: A, Grammar of Data 
Manipulation. R package version 0.8.3. https://CRAN.R-project.org/package¼dplyr. 

Woolf, D., Lehmann, J., 2012. Modelling the long-term response to positive and negative 
priming of soil organic carbon by black carbon. Biogeochemistry 111, 83–95. 
https://doi.org/10.1007/s10533-012-9764-6. 

Wu, H., Zeng, G., Liang, J., Chen, J., Xu, J., Dai, J., Li, X., Chen, M., Xu, P., Zhou, Y., 
Li, F., Hu, L., Wan, J., 2016. Responses of bacterial community and functional 
marker genes of nitrogen cycling to biochar, compost and combined amendments in 
soil. Applied Microbiology and Biotechnology 100, 8583–8591. https://doi.org/ 
10.1007/s00253-016-7614-5. 

Xu, N., Tan, G., Wang, H., Gai, X., 2016. Effect of biochar additions to soil on nitrogen 
leaching, microbial biomass and bacterial community structure. European Journal of 
Soil Biology 74, 1–8. https://doi.org/10.1016/j.ejsobi.2016.02.004. 

Yao, Q., Liu, J., Yu, Z., Li, Y., Jin, J., Liu, X., Wang, G., 2017. Changes of bacterial 
community compositions after three years of biochar application in a black soil of 
northeast China. Applied Soil Ecology 113, 11–21. https://doi.org/10.1016/j. 
apsoil.2017.01.007. 

Ye, J., Zhang, R., Nielsen, S., Joseph, S.D., Huang, D., Thomas, T., 2016. A combination 
of biochar–mineral complexes and compost improves soil bacterial processes, soil 
quality, and plant properties. Terrestrial Microbiology 7. https://doi.org/10.3389/ 
fmicb.2016.00372, 850–13.  

Zehr, J.P., Jenkins, B.D., Short, S.M., Steward, G.F., 2003. Nitrogenase gene diversity and 
microbial community structure: a cross-system comparison. Environmental 
Microbiology 5, 539–554. https://doi.org/10.1046/j.1462-2920.2003.00451.x. 

Zhao, X., Fan, F., Zhou, H., Zhang, P., Zhao, G., 2018. Microbial diversity and activity of 
an aged soil contaminated by polycyclic aromatic hydrocarbons. Bioprocess and 
Biosystems Engineering 41, 871–883. https://doi.org/10.1007/s00449-018-1921-4. 

Zhu, X., Chen, B., Zhu, L., Xing, B., 2017. Effects and mechanisms of biochar-microbe 
interactions in soil improvement and pollution remediation: A review. 
Environmental Pollution 227, 98–115. https://doi.org/10.1016/j. 
envpol.2017.04.032. 

Ziliak, S.T., 2019. How large are your G-values? Try gosset’s guinnessometrics when a 
little “ p” is not. The American Statistician 73, 281–290. https://doi.org/10.1080/ 
00031305.2018.1514325. 

J. Woolet and T. Whitman                                                                                                                                                                                                                    

https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
http://refhub.elsevier.com/S0038-0717(19)30342-6/optdTDNUaTH5v
http://refhub.elsevier.com/S0038-0717(19)30342-6/optdTDNUaTH5v
http://refhub.elsevier.com/S0038-0717(19)30342-6/optdTDNUaTH5v
https://doi.org/10.1038/nature24668
https://doi.org/10.1038/nature24668
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref50
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref50
https://doi.org/10.1111/oik.05738
https://doi.org/10.1093/nar/gks1219
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref53
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref53
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref53
https://www.R-project.org/
https://doi.org/10.3389/feart.2016.00080
https://doi.org/10.3389/feart.2016.00080
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.1016/bs.aambs.2015.10.001
https://doi.org/10.1016/bs.aambs.2015.10.001
https://doi.org/10.1038/ismej.2016.118
https://doi.org/10.1128/AEM.01355-07
https://doi.org/10.1021/acs.jafc.7b02887
https://doi.org/10.1038/srep32411
https://doi.org/10.1038/srep32411
https://doi.org/10.1111/gcbb.12266
https://doi.org/10.1111/gcbb.12266
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1080/00031305.2019.1583913
https://doi.org/10.1080/00031305.2019.1583913
https://doi.org/10.1016/j.soilbio.2013.11.010
https://doi.org/10.1016/j.soilbio.2013.11.010
https://doi.org/10.1016/j.soilbio.2014.02.009
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref66
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref66
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref66
https://doi.org/10.1038/ismej.2016.68
https://doi.org/10.4155/cmt.10.4
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref69
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref69
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref69
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref69
https://doi.org/10.1016/j.soilbio.2019.107571
https://doi.org/10.1016/j.soilbio.2019.107571
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref70
http://refhub.elsevier.com/S0038-0717(19)30342-6/sref70
https://CRAN.R-project.org/package=dplyr
https://doi.org/10.1007/s10533-012-9764-6
https://doi.org/10.1007/s00253-016-7614-5
https://doi.org/10.1007/s00253-016-7614-5
https://doi.org/10.1016/j.ejsobi.2016.02.004
https://doi.org/10.1016/j.apsoil.2017.01.007
https://doi.org/10.1016/j.apsoil.2017.01.007
https://doi.org/10.3389/fmicb.2016.00372
https://doi.org/10.3389/fmicb.2016.00372
https://doi.org/10.1046/j.1462-2920.2003.00451.x
https://doi.org/10.1007/s00449-018-1921-4
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1016/j.envpol.2017.04.032
https://doi.org/10.1080/00031305.2018.1514325
https://doi.org/10.1080/00031305.2018.1514325

	Pyrogenic organic matter effects on soil bacterial community composition
	1 Introduction
	2 Methods
	2.1 Study selection
	2.2 Sequence processing
	2.3 Statistical analyses

	3 Results
	3.1 Whole community responses to PyOM additions
	3.2 Phylum-level responses to PyOM
	3.3 OTU-, genus-, family-, and order-level responses to PyOM additions

	4 Discussion
	4.1 Soil type determines microbial community composition much more than PyOM additions
	4.2 Neither phylum-level nor genus-level responses to PyOM are consistent across soils and PyOM types
	4.3 Common PyOM responders include putative aromatic C degraders
	4.4 Recommendations and future areas of study

	Acknowledgements
	Appendix A Supplementary data
	References


