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Abstract  

 

Additions of pyrogenic organic matter (PyOM) to soil have been shown to both increase and 

decrease mineralization of native soil organic carbon (nSOC). This change in mineralization rate 

is referred to as priming, and may have important implications for  carbon (C) turnover in soil.  

This study identifies several positive and negative priming mechanisms using high-resolution 

Carbon Dioxide (CO2)  measurements of a series of short-term incubation experiments with 13C-

labeled PyOM added to a temperate forest topsoil. Irrespective of pyrolysis temperature (200-

750°C), addition of more than 2 mg PyOM g-1 soil significantly decreased mineralization of 

nSOC. Over 35 days, dilution was found to be a relevant process accounting for 20% of negative 

priming observed  at day 7, and 13% at day 35. In comparison, substrate switching  accounted 

for  only 1.2% of negative priming at day 7 and 1.1% at day 35.  Inhibition did not explain 

reductions in nSOC mineralization since the microbial biomass did not decrease in comparison 

to an unamended control. Sorption of dissolved organic carbon (DOC) from soil was responsible 

for the majority of negative priming observed with PyOM additions based on adsorption 

isotherm experiments as well as co-location of nSOC on PyOM surfaces shown by NanoSIMS. 

Maximum sorption potential of soil DOC was 29 times higher for PyOM pyrolyzed at 450°C 

than for the topsoil, and again tripled with an increase in pyrolysis temperature to 750°C. The 

contribution of the mechanisms mentioned above changed with time: dilution decreased after 7 

days and substrate switching which initially made up less than 1% of negative priming in higher 

temperature PyOM could not be detected making sorption the dominant negative priming 

mechanism on monthly time scales. These results have long-term SOC storage implications, as 

sorption has longer lasting effects than substrate switching or dilution. Understanding the time-

scale of sorption and potential desorption will require further long-term studies. 
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1.1 Introduction 
 

Within the global carbon (C) cycle, soil organic C (SOC) represents a substantial and 

very active pool of likely over 2000 Pg C (Ciais et al., 2013).  SOC is not only a large C pool, it 

is also very dynamic, being sustained by large inputs of plant litter that, under equilibrium 

conditions, compensate for an equally large microbial mineralization to carbon dioxide (CO2) of 

about 60 Pg yr-1 (Ciais et al., 2013). These two factors give the SOC pool great potential in terms 

of its ability to affect atmospheric CO2, since soils contain three times more C than the 

atmosphere or terrestrial vegetation (Stockmann et al., 2012), and small changes to SOC stocks 

have therefore proportionally large effects on the global C cycle. 

One important avenue in which SOC pools are affected is through what is often called 

priming (Bingeman et al., 1953; Kuzyakov, 2010). Priming describes a change in mineralization 

rate through additions of organic matter, and can be positive, in that the mineralization rate of 

native SOC (nSOC) increases, or negative, in that the rate of mineralization decreases 

(Bingeman et al., 1953). Recently, the input of pyrogenic organic matter (PyOM) as a result of 

vegetation fires (Lehmann et al., 2008) or deliberate additions in the form of biochar (Laird, 

2008) have received increasing attention with regard to priming of SOC.  With climate change, 

forest fires are increasing globally (Abatzoglou et al., 2016), accelerating the deposition of 

PyOM.  PyOM is already ubiquitous in soil, but its presence may increase over time (Bird et al., 

2015; Santin et al., 2016), which makes priming elicited by PyOM an increasingly relevant 

process.   Though priming by PyOM is a growing and relevant research field, why in some cases  

nSOC mineralization increases or decreases as a result of PyOM input is still not clear (Wang et 

al., 2016).  
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Potential mechanisms (Maestrini et al., 2015; Whitman et al., 2015) for positive priming 

as a result of PyOM inputs include: (i) co-metabolism: microbial decomposition of easily 

mineralizable PyOM fractions increases microbial activity, and facilitates additional 

decomposition of nSOC by active enzymes; (ii) stimulation: PyOM additions may result in 

improved pH, nutrient, oxygen, or water contents as well as general habitat for soil biota 

resulting in increased microbial activity. Negative priming may be a result of: (i) inhibition: the 

opposite of stimulation whereby constraints are aggravated by substrate addition, as well as by 

inorganic or organic substances in PyOM, which directly inhibit microbial activity. Substrate 

addition may also cause inhibition by interfering with the functions of enzymes or signaling 

compounds; (ii) preferential substrate utilization: easily mineralizable fractions of PyOM 

additions are preferentially used by microbes thus causing a decrease in nSOC mineralization; 

(iii) sorption: organic compounds are adsorbed onto PyOM surfaces, decreasing their rate of 

mineralization; (v) stabilization: greater formation of organo-mineral associations through cation 

bridging originating from PyOM decreases mineralization of nSOC pools; (vi) induced 

aggregation: PyOM encourages aggregation whereby C may be protected and stored for a longer 

period of time; (vii) dilution: addition of PyOM that is largely not metabolized temporarily 

dilutes more microbially favorable nSOC through physical dilution.  

Of these stated mechanisms, several have been explored in recent studies with PyOM and 

SOC;  dilution and substrate switching are believed to be  associated with short-term priming 

effects through additions of easily mineralizable OM substrates (Whitman et al., 2014a), and 

inhibition is thought not to apply to PyOM due to the lack of observed effects on microbial 

biomass (Maestrini et al., 2014). Sorption has been proposed as a dominant priming mechanism 

in various studies (Kuzyakov et al., 2009; Cross and Sohi 2011; Zimmerman et al., 2011; 
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Maestrini et al., 2014; Whitman et al., 2014b) due to PyOM’s high surface area, porosity, charge, 

and overall adsorptive nature.   

Various studies have been conducted on the priming effects of PyOM on SOC, yielding a 

wide array of responses (Maestrini et al., 2015; Whitman et al., 2015; Wang et al., 2016), and 

emphasize the need for mechanistic studies that can help in understanding priming mechanisms 

within different environments. Microbial biomass and activity often increase after additions of 

PyOM (Lehmann et al., 2011) indicating that direct microbial toxicity is unlikely to play a role. 

Yet such changes may still either reduce nSOC mineralization by substrate switching or increase 

nSOC mineralization by co-metabolism, the net effect being uncertain.  It is clear that soil type 

(Luo et al., 2011; Keith et al., 2011), nSOC properties (Cross and Sohi, 2011; Whitman et al., 

2014b), soil temperature (Fang et al., 2015) and the presence of plants (Whitman et al., 2014b; 

Keith et al., 2015; Weng et al., 2017) play important roles. While many of these studies had a 

limited ability to comprehensively identify mechanisms, it is clear that different PyOM 

properties have significant effects on priming that may even change over short periods of time 

(Zimmerman et al., 2011). Many of the changes in nSOC mineralization induced by priming 

occur over periods of weeks to months (Wardle et al., 2008; Zimmerman et al., 2011; Whitman 

et al., 2014ab) and likely involve several mechanisms operating simultaneously with changing 

intensity over time. A comprehensive assessment of priming effects by PyOM with high 

temporal resolution that would allow attribution of the different mechanisms has not been done.   

This study investigates key mechanisms of priming by additions of PyOM.  Specifically, the 

objectives include (1) simultaneous assessment of the contributions by positive and negative 

priming including inhibition (by toxicity), substrate switching, dilution, co-metabolism, and 

adsorption; (2) quantification of the rapid temporal changes in priming mechanisms operating 
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during the period immediately following OM input to soil; (3) assessment of temporal changes of 

priming mechanisms over the course of several months.  

We hypothesized that (i) dilution is not a significant mechanism in causing negative priming, and 

is restricted to short time scales; (ii) inhibition by direct OM toxicity is not a significant 

mechanism for priming; (iii) substrate switching or co-metabolism are not quantitatively 

important mechanisms in response to PyOM additions; and (iv) sorption is the most effective 

negative priming mechanism for PyOM.  

 

1.2. Materials and Methods 

 

1.2.1 Biomass production 

Two sets of Preble shrub willow (Salix viminalis x S. miyabeana) were grown concurrently, one 

in ambient CO2 greenhouse conditions, and one in an isotopically enriched 13CO2 growth 

chamber. Natural abundance willow was grown to provide a near-identical product that could be 

used to dilute the valuable labeled material to be used for some analytics. Both sets were grown 

in Cornell potting mix from 0.3 m willow cuttings obtained from Cornell’s Willow Research 

Farm in Geneva, NY and were watered every other day and fertilized weekly.   The enriched 

13CO2 willow was grown in a Percival AR 100L3 CO2 controlled growth chamber (Percival, 

Perry, IA, USA). The plants were subjected to an 18-hour photoperiod at 24°C, and 6 hours of 

darkness at 17°C.  Humidity was maintained using a de-humidifier and, during the photoperiod, 

CO2 levels were kept at 400 ppm. The plants were fertilized with a modified Hoagland Solution 

(Whitman et al., 2014a) in which N was supplied in the form of 15N-ammonium sulfate (10 

atom%). Once first buds emerged from the willow cuttings, 13CO2 was provided to the plants. 
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Over the course of their 6 months of growth, 20 L of 99 atom% 13C-CO2 was supplied at an 

increasing rate throughout the growth period.  In order to deliver the gas, a plastic CO2-

impermeable bag was filled with CO2 and attached to 1-mm nylon tubing which delivered the 

gas though a solenoid peristaltic pump into the growth chamber.  This allowed a slow steady 

supply of CO2 for 14 of the 16 hours in the photoperiod. Willow was harvested 3 times 

throughout the 6-month growing period. At each of the three harvests, all of the new growth was 

removed from the stem with the exception of 2-3 nodes which were left for re-growth. The plants 

were harvested before they reached reproductive maturity at each of the three harvests. The plant 

material was separated into stems and leaves, and oven dried at 70°C.  

 

1.2.2 PyOM production 

 

Oven-dried willow stems were milled to <2 mm using a hammer mill and pyrolyzed in a 

modified muffle furnace under Ar gas using a 2.5°C min-1 ramp rate and 30 min dwell time at 

200, 300, 450, 600, and 750°C.   The PyOM was cooled slowly under Ar. To prepare for 

incubations, PyOM was shaken in deionized (DI) water overnight and rinsed to remove easily-

soluble ash and water soluble material. All PyOM was pH adjusted to the pH of the soil used in 

the incubation (4.89) over the course of several days using 1 M HCl. Once the target pH was 

reached, PyOM was rinsed, oven dried at 70°C and sieved to 150-850 µm.  PyOM was assessed 

for ash, volatiles, and fixed carbon according to Enders et al. (2012). Nitrate (NO3
-) and 

ammonium (NH4
+) were extracted with 2M KCl and quantified on a continuous flow analyzer 

(Bran and Luebbe Autoanalyzer, SPX, Charlotte, NC). Dissolved organic carbon (DOC) was 

assessed by water extraction using a 1:20 (w/v) ratio, shaken for 1 hour, filtered, and run on a 
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DOC analyzer (Shimadzu TOC-5000A, Columbia, MD, USA).  Total C, nitrogen (N), hydrogen 

(H), and oxygen (O), bulk δ13C and δ15N were measured using a Delta V Isotope Ratio Mass 

Spectrometer (Thermo Scientific, Germany) coupled to a dry combustion analyzer (Carlo Erba 

NC2500 Elemental Analyzer, Italy). PyOM was digested in a combination of nitric acid (HNO3) 

and hydrogen peroxide (H2O2) and analyzed using Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) for principal components. Cation exchange capacity (CEC) was 

determined using Graber et al. (2017), and pH was determined in DI water using a glass 

electrode (detection limit of 0.01 pH units) with a PyOM:water ratio of 1:10 (w/v) (Orion 3-Star 

pH Benchtop; Thermo Electron Corporation, Beverly, MA, USA). Specific surface area (SSA) 

was quantified using the B.E.T. method with CO2 at 273.15 K and N2 at 77.039 K (ASAP 2020, 

Micromeritics, Atlanta, GA, USA).  Uncharred biomass was analyzed using the same techniques 

as described above.  
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Table 1. Properties of PyOM and the original uncharred biomass. 
 
Property (units) Biomass   PyOM   

  200°C 300°C 450°C 600°C 750°C 

Ash (%) 0.63 0.00 1.63 1.87 2.92 2.72 

Volatiles (%) 92.52 86.90 49.17 23.86 13.99 10.48 

Fixed carbon (%) 6.85 13.51 49.20 74.27 83.09 86.80 

Initial pH (H2O)  5.38 5.84 9.57 10.77 12.13 12.64 

Extractable NO₃ and NO₂ (mg 
NO₃+NO₂-N kg-1) 

11.60 9.96 1.02 1.06 0.88 0.64 

Extractable NH₄ (mg NH₄-N 
kg-1) 

106.84 19.80 12.15 15.12 6.18 6.32 

Water extractable C (DOC) 
(mg kg-1) 

5776.0 2343.9 478.7 275.4 75.8 102.5 

Total H (%) 6.91 10.27 5.13 3.17 2.00 1.00 

Total O (%) 47.84 72.63 21.79 12.78 9.23 7.22 

Total C (%)  56.02 46.02 67.21 76.49 80.67 81.83 

Inorganic C (%) 0.00 0.00 0.00 0.00 0.00 0.00 

Total N (%) 1.77 1.60 2.91 3.05 2.64 2.60 

Total P (mg kg-1) 338.2 242.0 981.7 1965.1 2821.0 3050.9 

C/N (w/w) 31.6 28.9 23.1 25.1 30.6 31.47 

H/C organic (molar) 1.47 2.67 0.91 0.50 0.30 0.15 

O/C organic (molar) 0.64 1.18 0.24 0.13 0.09 0.07 

Bulk 15N (atom %) 8.19 7.81 8.07 7.95 8.00 8.02 

Bulk δ13C (‰) 748.11 755.66 749.04 693.56 749.85 749.85 

 
 
1.2.3 Preparation of additional amendments 

Quartz sand (150-200 µm, U.S. Silica, Frederick, MD, USA), 	  perlite, (Lambert, Quebec, 

CA) and temperate subsoil (B-horizon of soil used in incubation) were sieved to 150 -850 µm 

and ashed in a modified muffle furnace for 8 hours at 500°C to be used in the dilution incubation 

experiment. 
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1.2.4 Soils 

Soil was collected from a mixed deciduous forest on Mt. Pleasant in Dryden, NY.  The 

soil is a Mardin channery silt loam- a coarse loamy, mixed, active, mesic typic Fragiudept that 

has had no instance of burning in recorded history.  For this set of incubations, the topsoil (0.02-

0.2 m) horizon was collected after removing the O-horizon material.  Field capacity of each soil 

mixture (soil+amendment) was determined (method modified from Black et al., 1965) in PVC 

tubes having the exact diameter of the 60 mL qorpax jar used in the incubations. Particle size 

fractionation and texture analysis was done according to Kettler et al. (2001). NO3
- and NH4

+, 

total C, N, H, and O, bulk δ13C and δ15N, pH, and total nutrient contents were measured as 

described above for PyOM. Water soluble C (DOC) was extracted in DI H2O using a 1:10 ratio 

(w/v), shaken for 1 hour, filtered, and analyzed using the same method as PyOM. SSA was 

quantified using the B.E.T. method with N2 at 77.039 K (ASAP 2020, Micromeritics, Atlanta, 

GA, USA), and inorganic C was assessed using the Bernard calcimeter gas displacement method 

(Nelson, 1996).  
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Table 2. Properties of the studied soil. 

Property (units) Temperate Mardin 
Topsoil 

Sand (%) 15.9 

Silt (%) 59.5 

Clay (%) 24.6 

Texture Silt loam 

Field capacity (mL g-1 soil)  0.82 

Extractable NO₃-‐ and NO₂-‐ (mg NO₃+NO₂-N kg-1) 3.99 

Extractable NH₄+ (mg NH₄-N kg-1) 45.7 

Water-extractable C (DOC) (mg kg-1) 704 

Total C (%)  5.28 

Total N (%) 0.38 

Total P (mg kg-1) 14.9 

Bulk δ13C (‰) -27.4 

Bulk δ15N (‰) 1.22 

C:N (g g-1) 13.90 

pH (H2O) 4.89 
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1.2.5 Incubation experiments  

All incubations took place in 1-L mason jars. Thirty mL DI water was poured in the bottom of 

each jar to maintain 100% humidity and each jar contained a smaller 60-mL qorpax bottle that 

contained 40 g wet soil+amendment mixture. Dry topsoil and dry amendments were added to the 

bottles, mixed, and water was added to achieve 65% field capacity for the soil+amendment 

mixture.  One mL of a modified Hoagland solution was added to each jar to supply sufficient 

nutrients to exclude any effects of nutrients added with amendments (Whitman et al., 2014b). A 

control treatment with no PyOM was also included for each incubation.  Each treatment was 

replicated 5 times. Incubations were continuously monitored using a Picarro CO2 stable isotope 

analyzer (G2201-I, Santa Clara, CA, USA) fitted with a custom-built manifold capable of 

sampling 112 Mason jars. Each sample jar was measured for 6 min during each sampling period, 

and subsequently purged with CO2-free air. Data were collected at a rate of two measurements s-1 

over the 6-min sampling period, and also throughout the 6-min sample purge in order to record 

the baseline values before each cycle’s respiration.  

 

Experiment 1: Volumetric dilution 

The PyOM was added to soil at 5 mg g-1 in comparison to different bulking amendments to 

assess the effect of dilution on SOC mineralization. Ashed subsoil, perlite, and quartz sand, were 

added to soil at an equivalent volume to the PyOM addition (1.36 cm3 jar-1) in order to simulate 

the same amount of physical dilution (see supplementary online Table S1). Each treatment was 

replicated five times. The samples were incubated for 35 d and were measured for CO2 and its 

isotope content 84 times over the duration of the incubation.  
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Experiment 2: Pyrolysis temperature 

The PyOM produced at different temperatures (200, 300, 450, 600, 750°C) was added to soil at a 

rate of 10 mg g-1. Each treatment was replicated five times. The samples were incubated for 62 d 

and sampled daily.  

 

Experiment 3: Application rate 

The PyOM was added to soil at rates of 0 (control), 0.5, 1, 2.5, 5, and 10 mg g-1 dry soil. Each 

treatment was replicated five times. The samples were incubated for 35 days and sampled daily 

for CO2 and its isotope content.  

 

1.2.6 Adsorption isotherms  

The DOC for the adsorption experiment was obtained by shaking the soil in DI water for 2 h, 

then centrifuging and filtering the soil slurry through a 0.45-µm glass fiber filter (GC-50, 

Advantec, Tokyo, Japan). The DOC was diluted to 7 concentrations (0, 10, 20, 50, 80 100 and 

160 mg g-1) and each dilution was shaken with 0.5 g adsorbent (PyOM or soil) for 12 h before 

centrifugation (2000 rpm for 10 min), filtration, and analysis. Filtrates and original DOC extracts 

were analyzed using a Shimadzu TOC analyzer (Shimadzu TOC-5000A,Columbia, MD, USA).   

 

 

 



	   14	  

1.2.7 Microbial biomass 

Upon conclusion of the incubation, samples were immediately assayed for microbial biomass 

with simultaneous chloroform (CHCl3) using a modified method of Witt et al. (2000).  The 

extracts were dried at 50°C and analyzed for isotopic C concentrations using the modified 

method from Bruuslema et al. (1996). Dried salt extracts were analyzed for total C and δ13C 

using a Delta V Isotope Ratio Mass Spectrometer (Thermo Scientific, Germany) coupled to a 

Carlo Erba NC2500 Elemental Analyzer (Italy). An extraction efficiency coefficient of 0.45 was 

used to determine the total microbial biomass (Vance et al., 1987; Jenkinson et al., 2004), and a 

2-part partitioning equation was used to attribute the microbial biomass C (MB-C) source to 

either nSOC or PyOM.  After microbial biomass extraction, soils were air-dried and sealed in 

air-tight storage bottles.  

 

1.2.8 NanoSIMS 

NanoSIMS images were collected at the Environmental Molecular Sciences Laboratory at the 

Pacific Northwest National Laboratory in Richland, WA, USA. To prepare samples for 

NanoSIMS analyses, air-dried intact micro-aggregates (100-400 µm) were broken in half to 

expose an interior fresh surface, and depending on the area of interest, either a PyOM particle 

was removed, or the entire aggregate was used once the back had been sliced off. Two methods 

for sample preparation were included to reduce biases and results allowed identical conclusions: 

(a) The sample was pressed into indium foil using a glass microscope slide. (b) Samples were 

embedded in Field’s metal (ESPI Metals, Ashland, OR, USA) by dropping the sample into 

melted metal at 60°C and quickly covering it with a glass microscope slide so that the top of the 
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sample and Field’s metal were completely flat. Samples were then sputter coated in ~5 µm high 

purity iridium to improve conductivity and imaged with a scanning electron microscope to 

determine regions of interest which were mapped. The samples were measured using NanoSIMS 

(Cameca NanoSIMS 50L spectrometer, AMETEK Inc., CAMECA SAS, Paris, France). 

Negative secondary ions were accelerated to 8 keV and were simultaneously counted using 

electron multipliers (EM)s. The magnetic field was stabilized using NMR regulation and 

secondary ion peaks were monitored throughout the day and adjusted for drift. Prior to image 

analysis, image areas were pre-sputtered with about 2 × 1016 ions cm-2.  Ion images of 12C2
-, 

12C13C-, 12C14N-, 12C15N-, 28Si-, 31P-, and 32S-were collected using a 1.5 pA, primary beam that had 

a diameter of approximately 120 nm and a dwell time of 13.5 ms pixel-1. Each 45µm × 45µm 

image consisted of two – 256 × 256 pixel frames.  

   Images were processed using ImageJ software with the open-MIMS plug-in for Fiji 

(nano.bwh.harvard.edu/MIMSsoftware). Images were corrected for deadtime and QSA (β=0.5) 

pixel by pixel and frame-aligned prior to summing the frames. Isotope images were calculated as 

12C13C/12C2 and 12C15N/12C14N and expressed relative to VPDB as δ13C (‰), or relative to air as 

δ15N (‰). An in-house yeast reference material with known δ13C (-11‰) and δ15N (+0.4‰) 

(James Moran, PNNL, Personal communication) was analyzed during each analytical session to 

ensure quality control and to calibrate isotope analyses of the biochar.	  
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1.2.9 Data analysis 

Langmuir isotherms were fitted to the adsorption data using the following equation: 

qe= QO * KL*Ce / (1+ KL*Ce) 

whereby Qe (mg DOC L-1) is the adsorption capacity, Ce (mg DOC L-1) is the equilibrium 

concentration after adsorption, Qo (mg DOC g-1) is the maximum sorption capacity of the 

amendment, and KL (L mg-1) is a Langmuir constant. Calculations were performed using non-

linear regression, and sum of squares (r2) were calculated using SigmaPlot 12.5 (SAS, Cary, 

NC). 

Respiration data were analyzed using R version 3.3.1 (R Foundation for Statistical Computing, 

Vienna, Austria).   Sample respiration was parsed into PyOM and nSOC-derived CO2-C using 

the following equation:  

δmeasured = δnSOC * (fnSOC) + δPyOM * (1-fnSOC) 

fnSOC = δmeasured – δPyOM / δnSOC – δPyOM 

fnSOC * CO2-C respired = respired nSOC 

 

Isotopic content of bulk PyOM (δPyOM) was used as endmember to be used in isotope partitioning 

equations, as bulk PyOM values were shown to be appropriate proxies for 13CO2 from PyOM 

(Whitman et al., 2014b).  Soil isotope values (δsoil) to be used in isotope partitioning equations 

were obtained daily using the average isotope content for CO2 from control treatments with no 

added labeled material. Differences were assessed using ANOVA analysis and Tukey corrections 

for multiple comparisons,  as well as two-sample t-tests between individual treatments. 

Cumulative respiration data were analyzed using pairwise comparisons between treatments based 
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on a mixed effects linear model with a random effect on the sample jar to correct for multiple 

samplings.  

 

1.3. Results 

1.3.1 nSOC mineralization 

In comparison to other bulking materials with the same volume, adding PyOM or ashed subsoil 

caused significant and rapid reduction in nSOC mineralization (Fig. 1a) and greater cumulative 

negative priming after day 10, with PyOM additions showing more negative priming than ashed 

subsoil by day 50 (Fig. 1c). Cumulative nSOC mineralization after perlite addition was 

significantly lowered only by day 50 (p <0.05), and reductions after sand additions were not 

significant during the entire observation period. Most of the changes occurred during the first 

five days, except after additions of PyOM which resulted in slower but continuously increasing 

negative priming over time (Fig. 1c). 

Adding PyOM caused a reduction in nSOC mineralization by 0.72 mg CO2-C g-1 soil, in 

comparison to PyOM mineralization of only 0.0076 mg CO2-C g-1 soil (Fig. 1d), which accounts 

for only 1% of the negative priming observed.   
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Fig. 1. Mineralization of nSOC and PyOM after additions of either PyOM, quartz sand, perlite or ashed 
subsoil. a. Mean daily nSOC respired per unit initial C per day, error bars indicate LSD at that timepoint.  
b. Mean cumulative nSOC respired per unit initial C. c. Mean cumulative nSOC priming per unit initial 
soil mass C. Cumulative priming calculated by subtracting unamended control from treatment value. 
Dashed line represents unamended soil, data above this line indicate positive priming, below indicate 
negative priming. d. Mean cumulative nSOC priming per unit soil mass. Dashed line represents 
unamended soil, pink solid line indicates PyOM-C respired g-1 soil (n=5; bars show LSD at p<0.05).  
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Fig. 2. Cumulative nSOC mineralization after additions of PyOM pyrolyzed at different temperatures. a. 
Mean cumulative nSOC respiration per unit initial soil C. b. Mean cumulative priming per unit soil 
determined by subtracting unamended control from treatment value. Dashed line represents unamended 
soil. Solid lines indicate PyOM-C respired. Inset image shows entire range of data (n=5; bars indicate 
LSD at p<0.05).  
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Fig. 3. Mineralization of nSOC over 24 h plotted against PyOM mineralization over the same time period 
at day 3 (triangles) and day 40 (circles) of Experiment 2 shown in Fig. 2. PyOM produced at 300, 450, 
600 and 750°C included in regression (n=5).  

 

All PyOM materials irrespective of pyrolysis temperature (200-750°C), as well as uncharred 

biomass caused negative priming (Fig. 2a). PyOM pyrolyzed at 750°C caused the most negative 

priming (different from control at day 30) followed by those at 600, 200, 300 and 450°C at days 

30, 30, 40, 50, and 60, respectively. Adding 750PyOM resulted in 17% lower cumulative nSOC 

mineralization at day 60 than the control.  
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Fig. 4. Cumulative nSOC priming after additions of different rates of PyOM (produced at 450°C), a. per 
unit initial soil C d-1, or b. g-1 soil per day. Dashed horizontal line represents unamended soil. Solid line 
indicates PyOM-C respiration g-1 soil for an application rate of 10 mg g-1 (n=5; bars indicate LSD at 
p<0.05).  

 

Increasing the application rate significantly changed cumulative nSOC mineralization (main 
effect p<0.05). Only PyOM application rates of 10 mg g-1 significantly (p<0.1) decreased 
cumulative nSOC mineralization by 10% at day 35 as compared to the PyOM addition of 1.0 mg 
g-1  (p<0.05) (Fig. 4) 
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Fig. 5. Microbial biomass (MB) for experiment 2 (means and standard errors; n=5).  

 

1.3.2 Microbial biomass  

Microbial biomass did not vary between amendments (Fig. 5).   
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1.3.3 Adsorption of dissolved organic carbon 

PyOM produced at 750°C adsorbed about three times more DOC than that produced at 450°C , 
the latter causing a maximum adsorption 19 times greater than either soil (Fig. 6; Table 4). 
PyOM pyrolyzed at 200°C did not adsorb any DOC but rather released DOC into solution.  

 

Fig. 6. Adsorption of DOC by PyOM pyrolyzed at 200, 450 and 750°C in comparison to topsoil and 
ashed subsoil (n=1).  

 

Table 4. Adsorption maximum, Langmuir constant and regression values for DOC adsorption to 
topsoil, ashed subsoil, and PyOM pyrolyzed at either 450 or 750°C. 

 QO (mg DOC L-1) KL (L mg-1) r2 p-value 

Topsoil 0.02 0.160 0.84 0.0280 

Ashed subsoil 0.03 0.470 0.66 0.0497 

450PyOM 0.57 0.024 0.79 0.0005 

750PyOM 1.80 0.016 0.94 0.0600 
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1.3.4 NanoSIMS 

Labeled PyOM showed a strong 13C and 15N isotope enrichment using NanoSIMS (Fig. 7). After 
exposure to soil for 60 d, exterior surfaces of PyOM were covered with unlabeled nSOC. This 
coverage was uneven and showed thicker coatings of unlabeled soil C in some locations than 
others. 

 

 

 

 

 

Fig.7. NanoSIMS analyses of isolated PyOM particles with and without exposure to soil; bright pink 
colors indicate enriched material of the original PyOM and blue colors indicate natural abundance 
materials from nSOC. Top panel shows 450PyOM after incubation, bottom shows 600PyOM. Left panel 
shows 13C enrichment, right panel shows 15N enrichment.    
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1.4.0 Discussion 

1.4.1 Positive and negative priming 

We observed positive priming as a result of the addition of relatively larger additions of PyOM 

(larger than 2 mg g-1 soil) to mineral soil over monthly or longer time periods, which is also seen 

in other studies (Cross and Sohi, 2011; Jones et al., 2011; Whitman et al., 2014b). The observed 

negative priming by PyOM of 1-34% in comparison to unamended soil was in the same order of 

magnitude as reported in the meta-analysis by Maestrini et al. (2015) for similar incubation 

times. By performing several different types of incubations and analyses, we determined that 

dilution and sorption were more important than other negative priming mechanisms in our study.  

 

1.4.2 Dilution mechanism 

The observation that daily nSOC mineralization largely converged by day 7 (Fig. 1a) may 

indicate that short-term processes dominate nSOC mineralization during that period. The reduced 

nSOC mineralization after additions of inorganic amendments (Fig. 1b,c,d ) suggests either 

dilution or adsorption as the mechanism for negative priming, as no organic substrate was added. 

The low surface area of the added sand with typically low DOC adsorption (Liang et al., 1996; 

Kothawala et al., 2000; Clausen et al., 2001) suggests that the resultant reductions in nSOC can 

be mainly explained by dilution. Extrapolation of decreasing surface area to a hypothetical 

amendment with no surface area at equivalent volume to the added PyOM indicates a dilution 

contribution of 1.8 mg CO2-C g-1 C or 20% of the reductions observed with PyOM pyrolyzed at 

450°C over the first 7 days. This suggests that dilution is a significant negative priming 

mechanism, at least initially. However, the greater negative priming with PyOM than explainable 
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by surface area and the continuously lower daily mineralization of nSOC with PyOM additions 

beyond the first 7 days indicate that surface interactions may be even more important than 

dilution which is discussed further below (supplementary online Figure S1).  

 

1.4.3 Substrate switching and co-metabolism 

Substrate switching can only account for the amount of PyOM respired to compensate for 

reductions of nSOC mineralization. Substrate switching may therefore explain up to 100% of the 

cumulative negative priming observed for PyOM produced at 200°C with a comparatively high 

concentration of volatiles (Table 1), but not more than 24% for the 300PyOM and on average not 

more than 13% for the additions of PyOM made at higher temperature (Fig. 2) with 

comparatively low concentrations of volatiles, for 450PyOM even as low as 1% (Fig. 1).  In 

addition, PyOM produced at the highest tested temperature of 700°C (with negligible volatile 

concentration) contributed little to microbial biomass (0.07%), had very little mineralizable C, 

and,  especially between day 40-60 mineralized only 0.0076 mg CO2-C g-1 soil d-1, which was far 

below the continued daily reduction of nSOC mineralization of 0.12 mg CO2-C g-1 soil d-1.  

Co-metabolism did not cause a significant net increase in nSOC mineralization with any of the 

tested PyOM. This, however, is not sufficient evidence to conclude that co-metabolism did not 

occur but merely indicates that it was less important than the sum of all negative priming 

mechanisms together. Co-metabolism is seen as a process that may last longer than both dilution 

and substrate switching, but, similar to substrate switching, may occur concomitant with CO2 

production from the added substrate (Blagodatskaya and Kuzyakov, 2008). Our data indicate that 

co-metabolism may have occurred early in the incubation (Fig. 3), but could not be detected at or 
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beyond 40 days, when daily PyOM mineralization decreased to less than 12% of the daily 

reduction in nSOC mineralization. Desorption of nSOC by additions of DOC contained in PyOM 

was unlikely to be a relevant mechanism, since PyOM additions account for only 3% or less of 

existing soil DOC.  

   

1.4.4 Inhibition 

Microbial biomass did not decrease with PyOM additions, suggesting that inhibition of the 

microbial community did not play a role in explaining negative priming.  It should be kept in 

mind that our measurements may have underestimated total microbial biomass with PyOM 

additions in comparison to no additions, as no adjustments were made for a greater adsorption of 

any organic matter released from lysed cells during fumigation to the PyOM than the soil, as 

suggested by the greater DOC adsorption to PyOM than soil (Fig. 6). This likely underestimated 

the amount of microbial biomass in the presence of PyOM for fresh and aged PyOM (Liang et 

al., 2010; Dai et al., 2017).  Despite this potential methodological issue, if PyOM was indeed 

adsorbing additional MB-C, the initial MB would have to be higher in PyOM treatments, further 

supporting a lack of microbial inhibition.   One can assume that if the added PyOM was killing 

microbes (and thus causing negative priming due to a lower population of respiring organisms) 

the microbial biomass would be less than the unamended control. This mechanism was tested in 

this study by excluding changes induced as part of varying pH, water or nutrient availability, as 

these were all adjusted. This result corroborates earlier studies that also did not find inhibition 

due to organic or non-nutrient inorganic compounds in PyOM (Bruun et al., 2008; Kolb et al., 

2009; Maestrini et al., 2014). As mentioned above, microbial biomass quantification in our study 

was not adjusted for adsorption and likely underestimated the amount of microbial biomass in 
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the presence of PyOM, which would reinforce the conclusion that the presence of PyOM did not 

have a toxic effect on the microbial population. 

 

1.4.5 Adsorption 

Greater adsorption of DOC to PyOM than to soil can quantitatively explain the lower 

mineralization of nSOC in the presence of PyOM. Sorption has been proposed as a likely 

mechanism by several authors (Kuzyakov et al., 2009; Cross and Sohi 2011; Zimmerman et al., 

2011; Maestrini et al., 2014; Whitman et al., 2014b) due to PyOM’s high surface area, porosity, 

charge, and overall highly adsorptive characteristics (Ahmad et al., 2013).  Our adsorption 

isotherms showed 19 times greater DOC sorption to the 450PyOM than to the ashed subsoil and 

an even greater sorption than to the topsoil. Significant removal of DOC of 26-52% by PyOM 

was also reported in organic horizons (Pietikäinen et al., 2000). The 750PyOM was capable of 

adsorbing 3 times more DOC than the 450PyOM compared to only about 1.2 times more 

negative priming than the 450PyOM. The lower reduction in SOC mineralization compared to 

the increase in DOC adsorption data could be caused by the vast differences in experimental 

practice. In the adsorption experiment, DOC, soil and PyOM were all freely suspended in water 

where they can more easily interact, whereas in the incubation, although the soils are moist, there 

is much less mobility of DOC and nSOC and therefore overall less interaction. However, the 

comparison illustrates that adsorption is quantitatively a likely process.  

Our NanoSIMS data indicated that SOC was indeed present on the surfaces of PyOM. The 450 

and 600PyOM both showed natural abundance δ13C values on the surface of the highly labeled 

PyOM, indicating the possibility that nSOC was adsorbing to PyOM surfaces. Whether this co-
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location of PyOM and nSOC actually led to interactions and how strong these were cannot be 

discerned by NanoSIMS. The patchiness and apparent accrual of SOC in micro-meter-sized 

cavities on PyOM surfaces may indicate retention mechanisms beyond uniform adsorption. The 

accrual of nSOC along discernable morphological features of the PyOM may serve as an 

indication of explainable mechanisms. Whether such patchiness is a result of the surface 

morphology (e.g., entrapment of nSOC in large pores) or charge properties as shown on mineral 

surfaces (Vogel et al., 2014) is not clear. 

 

1.4.6 Comparison of mechanisms 

Using the data from this suite of experiments, we suggest that the most likely mechanism of the 

negative priming observed is sorption, with dilution also being a significant contributor.  We 

further suggest that substrate switching and inhibition mechanisms do not contribute 

significantly to negative priming interactions. Although we did observe substrate switching, this 

only accounted for 1.2% of negative priming with dilution making up 20% (Fig. 8).  The 

majority of the remaining negative priming (85%) may be due to adsorption based on our 

adsorption isotherm assay combined with NanoSIMS data.  Unlike substrate switching, 

adsorption interactions between PyOM and nSOC may be more long-lasting, with net negative 

priming continuing for a longer period of time (Zimmerman et al., 2011).  The duration of this 

negative priming may be limited by the saturation of adsorption sites, but it is not known if 

saturation will eventually limit negative priming by adsorption. Because the isotherms indicate a 

several-fold greater maximum adsorption than emission reductions of SOC after 60 days, one 

may expect negative priming by adsorption to continue. The negative priming observed 9 years 

after PyOM addition (Weng et al., 2017) and in PyOM-rich Amazonian Dark Earths that are 
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several thousand years old (Liang et al., 2010) suggests that adsorption on PyOM surfaces as 

quantified in our study through batch adsorption experiments may not be sufficient to explain the 

accrual of nSOC. Whether PyOM effects on signaling between microorganisms (Masiello et al., 

2013) or electrochemical processes (Sun et al., 2017) play a role for priming in the presence of 

PyOM, remains to be quantified. We conclude that positive priming through co-metabolism is 

also occurring early in the incubation with a 38% increase in nSOC mineralization, though is 

overwhelmed by negative priming.  

The proportions of different mechanisms responsible for negative priming shown here for PyOM 

pyrolyzed at 450°C (Fig. 8) will vary with PyOM properties as shown here and in other studies 

(Zimmerman et al., 2011), but also with soil type and SOC properties (Whitman et al., 2014b).   

 

	    

Fig. 8. Proportion of negative and positive priming of nSOC by PyOM (pyrolyzed at 450°C; added at 10 
mg g-1) attributed to different mechanisms for day 7 and 40.   
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1.5.0 Conclusion 

Dilution accounted for a significant portion of negative priming, but adsorption is the most likely 

explanation for the majority of negative priming by addition of PyOM observed in this study 

when produced at 300°C and above.  Substrate switching was able to explain reductions in nSOC 

mineralization after additions of weakly charred (200PyOM) OM.  Sorption of nSOC on PyOM 

surfaces has the potential for long-term carbon storage as the nSOC is bound to the surface of 

persistent PyOM and may thereby be protected from mineralization. Given that PyOM naturally 

exists widely in our soils, and forest fires are likely to increase, these results indicate that priming 

should, in the future, be incorporated in biochar management and accounted for in carbon 

cycling models.  In order to correctly parameterize such models, more long-term studies and 

field experiments with and without plants must be conducted to ensure that our results are 

representative of real-world nSOC interactions. The fate of adsorbed nSOC should be further 

examined as it is not clear whether adsorption of microbial or plant matter constitutes the bulk of 

the retained nSOC, and whether eventual desorption or in-situ mineralization may remobilize it, 

reversing the negative priming observed here.    
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Figure S1. Cumulative nSOC mineralization up to day 7 as related to the specific surface area (SSA) 18	  
(means and standard errors, n=5; for respiration, n=1or SSA (error calculated from 5-point regression of 19	  
line of once transformed BET equation); regression includes only sand, perlite and ashed subsoil).  20	  

 21	  

1. Supplementary Discussion 22	  

Surface area of PyOM and additional dilution amendments were assayed using both CO2 and N2 23	  
BET analysis.  CO2 is considered to most accurately measure the nano-porosity of PyOM (Kwon 24	  
and Pignatello, 2005) and to obtain total surface area that includes very small nanometer-sized 25	  
pores. We propose that the SSA obtained with N2 is a more appropriate assessment of the SSA 26	  
available for DOC adsorption within the scope of this experiment, because the micropores 27	  
accessed using the CO2 assay are most likely inaccessible to DOC particles sized  up to 0.45µm 28	  
and therefore larger than the majority of captured by CO2. Figure S1 uses N2-SSA data combined 29	  
with nSOC mineralization after 7 days to determine a regression, whereby the contribution of 30	  
dilution on nSOC mineralization was quantified by using the y-intercept as a theoretical 31	  
amendment with no surface area. 32	  

 33	  
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Table S1. Properties of amendments and proportion of SOC respired on day 7 (means, n=5). 

Amendment Bulk 
density 

(g cm-3) 

Mass 
added 
(g ) 

SSA N2 

(m2g-1) 

SSA CO2 

(m2 g-1) 

Proportion SOC respired, Day 7 

(mg CO2-C mg-1initial SOC) 

450°C PyOM 0.175 0.238 6.8705 192.61 0.0138 

Ashed temperate 
subsoil 

1.15 1.564 12.054 11.46 0.0173 

Perlite 0.15 0.204 1.4173 -0.177 0.0196 

Quartz sand  4.59 6.24 0.963 -0.19 0.0219 

Control treatment  n/a 0.0 n/a n/a 0.0228 

 40	  

n/a not applicable 41	  

 42	  

 43	  

 44	  

 45	  

 46	  

  47	  

Table S2. Microbial biomass and microbial quotient (n=4). 

 

 

Treatment Microbial 
biomass 

(mg MB-C g-1 
soil) 

Microbial 
biomass from 
amendment 

(mg MB-C g-

1 soil) 

Total CO2 
respired 

(mg CO2-C 
g-1 soil) 

Metabolic 
quotient 

(mg CO2-C 
mg-1 MB-C 

day-1) 

Topsoil, unamended 0.86 n/a 0.0028 0.0032 

Topsoil, 750 PyOM 1.28 0.0009 0.0024 0.0018 

Topsoil, 450 PyOM 1.07 0.0008 0.0026 0.0024 

Topsoil, 300 PyOM 1.25 0.004 0.0025 0.0020 

     

n/a not applicable 48	  
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 49	  

 50	  

 51	  

	  52	  

 53	  

Figure S2. NanoSIMS image of labeled 450 PyOM not incubated with soil.  54	  
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Abstract 87	  

This study investigates short-term priming of native soil organic carbon (nSOC) by pyrogenic 88	  
organic matter (PyOM) and uncharred biomass additions in organic soil horizons dominated by 89	  
plant residues in comparison to mineral horizons dominated by microbial residues. CO2 respired 90	  
over 50-90 days was partitioned between nSOC and 13C-enriched PyOM or biomass using a 91	  
stable isotope analyzer.  Additions of uncharred biomass induced 24% and 30% greater 92	  
cumulative nSOC mineralization over 60 days in temperate top- and subsoils with C contents of 93	  
5% and 1%, respectively. In contrast, PyOM additions caused 24% (p < 0.01) and 6.67% (p = 94	  
0.12) lower mineralization in the same soil horizons over 60 days. Whereas the reduction of 95	  
nSOC mineralization was in a similar order of magnitude as the PyOM mineralization in the 96	  
subsoil, PyOM mineralization in the topsoil accounted for only 3% of the reduction in nSOC 97	  
mineralization indicating that a mechanism in addition to substrate switching was responsible for 98	  
the amount of negative priming observed in the topsoil. In the boreal and temperate organic 99	  
horizons PyOM additions had no significant effects on nSOC mineralization, regardless of 100	  
presence of soil minerals. Increasing the biomass addition to the boreal O horizon from 0.01 to 101	  
50% w/w increased nSOC mineralization by 25% with a 17-fold increase in the fraction of 102	  
microbial biomass C from the added biomass. Similar increases in PyOM addition did neither 103	  
increase nSOC mineralization nor the fraction of microbial biomass derived from PyOM. 104	  
Negative priming by PyOM additions mainly depended on the form of nSOC and was only 105	  
observed in mineral horizons dominated by nSOC of microbial origin with low C/N ratios. 106	  
Increased carbon storage through negative priming with PyOM may only prove significant in 107	  
select soil profiles and ecosystems.  108	  

 109	  

  110	  
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2.1 Introduction 111	  
 112	  

Pyrogenic organic matter (PyOM) is an important soil carbon (C) pool and is estimated to 113	  

make up on average 14% of global soil organic C (SOC) (Reisser et al., 2016). PyOM is 114	  

produced in terrestrial systems naturally through vegetation fires (Czimczik and Masiello, 2007), 115	  

and is tied to human activity from the earliest cookfires and burn pits (Eckmeier et al., 2010) to 116	  

purposeful fire management (Downie et al., 2011). Soil PyOM is not currently included in C 117	  

cycling models despite the fact that in the past several years the potential impacts of PyOM on 118	  

native soil organic carbon (nSOC) mineralization have been demonstrated (Laird, 2008; 119	  

Maestrini et al., 2015; Whitman et al., 2015; Wang et al., 2016). Such priming of nSOC by 120	  

additions of uncharred OM has been described for some time (Bingeman et al., 1953; Kuzyakov 121	  

2000, 2010), but studies on the role of PyOM in priming have only been conducted over the past 122	  

decade (Wang et al., 2016). Priming can be positive in that the mineralization rate increases with 123	  

addition, or negative, in that the rate of mineralization decreases (Bingeman et al., 1953).  124	  

 Priming studies in recent literature (Wang et al., 2016) have resulted in lower and higher 125	  

nSOC mineralization after PyOM addition. Reasons for the variable effects are the many 126	  

mechanisms by which PyOM may elicit greater or lower nSOC mineralization (Whitman et al., 127	  

2015), varying PyOM (Zimmerman et al., 2011; Fang et al., 2015) and soil properties (Luo et al., 128	  

2011). Since several mechanisms may operate at the same time, potentially the most important 129	  

difference is the soil type itself. However, few systematic studies have been conducted that probe 130	  

the effects individual soil properties may have.  131	  

Past studies have indicated that the nSOC amounts as a result of cropping may affect the 132	  

direction and magnitude of priming (Cross and Sohi, 2011). Specifically, the amount of easily 133	  

mineralizable nSOC is an important factor in the effect of PyOM additions on nSOC (Cross and 134	  
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Sohi, 2011; Keith et al., 2011; Whitman et al., 2014b). Adding plant litter (Keith et al., 2011) 135	  

enhanced negative priming by PyOM additions, suggesting that mineralization of plant-derived 136	  

nSOC with high C/N ratios is reduced to a greater extent by PyOM than total nSOC. One of the 137	  

largest increases in nSOC mineralization was inferred from C losses of boreal organic (O) 138	  

horizons using litterbags without any mineral soil (Wardle et al., 2008). Litter layers and O 139	  

horizons do not only differ in their mineralizability from mineral horizons, but also in their 140	  

composition from underlying mineral soil (Kögel-Knabner et al., 1988; Rumpel et al., 2004). 141	  

Consolidating these results by direct comparison of soil horizons with varying mineral and nSOC 142	  

contents has not been done.  143	  

Our objective was to determine if the amount or form of nSOC has a greater effect on 144	  

priming by charred and uncharred OM. We hypothesized that soils with more nSOC would have 145	  

a greater potential for negative priming by PyOM and for positive priming by uncharred OM, 146	  

because more nSOC would be available to interact with the amendments. Soils and soil horizons 147	  

with a greater proportion of plant-derived nSOC and consequently higher C/N ratios are more 148	  

easily primed than those with a greater proportion of microbially processed nSOC and therefore 149	  

lower C/N ratios. Note that for the remainder of this paper we use C/N ratio as a convenient 150	  

proxy for extent of microbial processing.   151	  

 152	  

2.2 Materials and Methods 153	  
 154	  

2.2.1 Biomass production 155	  

Preble shrub willow (Salix viminalis x S. miyabeana) was grown in a Percival AR 100L3 156	  

CO2 growth chamber (Percival, Perry, IA, USA ) with a 13CO2-enriched atmosphere to produce 157	  

enriched biomass. 158	  
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The plants were subjected to an 18-h photoperiod at 24°C, and 6 h of darkness at 17°C.  A de-159	  

humidifier was used to control humidity and during the photoperiod CO2 levels were kept at 400 160	  

ppm. 13CO2 was provided to the plants once first buds emerged from the willow cuttings. Over 161	  

the course of their 6-month growth period, 20 L of 99% 13C-CO2 was supplied at an increasing 162	  

rate.  The gas was delivered using a plastic CO2 impermeable bag attached to 1mm nylon tubing 163	  

which delivered gas through a solenoid peristaltic pump into the growth chamber.  This set-up 164	  

allowed for a slow steady stream of CO2 during the photoperiod. Concurrently, natural 165	  

abundance willow was grown in ambient CO2 greenhouse conditions to provide a near-identical 166	  

product that could be used to dilute the labeled material to be used for some experiments.  167	  

Both sets of willows were grown in Cornell potting mix from 0.3 m willow cuttings 168	  

obtained from Cornell’s Willow Research Farm in Geneva, NY and were watered and fertilized 169	  

on the same schedule.   Willow was harvested 3 times throughout the 6-month growing period. 170	  

At each harvest, all of the new growth was removed from the stem with the exception of 2-3 171	  

nodes which were left for re-growth. The willow was harvested before reproductive maturity at 172	  

each harvest. The plant material was separated into stems and leaves and oven-dried at 70°C.  173	  

 174	  

2.2.2 PyOM production 175	  

Oven-dried willow stems were milled to <2 mm and pyrolyzed in a modified muffle 176	  

furnace under Argon (Ar).  Ramp rate of 2.5°C min-1 and 30 min dwell time at 450°C was 177	  

followed by a slow cool under Ar. To prepare PyOM and uncharred biomass for incubations, 178	  

they were first shaken in DI water overnight and rinsed to remove easily soluble ash and water 179	  

soluble material. All PyOM and biomass were pH adjusted to the pH of the soil used in the 180	  

incubation using 1 M HCl over the course of five days. After pH adjustment, the amendments 181	  

were rinsed with deionized (DI) H2O, oven dried at 70°C and sieved to 150-850 µm.  The 182	  
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amendments were assessed for fixed carbon, ash, and volatiles using the Enders et al. (2012) 183	  

method. Water soluble DOC was quantified by water extraction with a 1:10 (w/v) ratio, shaken 184	  

for one hour, filtered, and analyzed on a DOC analyzer (Shimadzu TOC-5000A, Columbia, MD, 185	  

USA).  Total C, hydrogen (H), nitrogen (N) and oxygen (O), bulk δ13C and δ15N were measured 186	  

using a Delta V Isotope Ratio Mass Spectrometer (Thermo Scientific, Germany) coupled to a dry 187	  

combustion analyzer (Carlo Erba NC2500 Elemental Analyzer, Italy). Nitrate (NO3
-) and 188	  

ammonium (NH4
+) were extracted with 2M Potassium Chloride (KCl) and quantified using a 189	  

continuous flow analyzer (Bran and Luebbe Autoanalyzer, SPX,Charlotte, NC, USA). PyOM 190	  

was digested in hydrogen peroxide (H2O2) and analyzed using Inductively Coupled Plasma 191	  

Optical Emission Spectrometry (ICP-OES) for elements, CEC was determined using Graber et 192	  

al. (2017) and pH was determined in DI water using a glass electrode (detection limit of 0.01 pH 193	  

units) with a PyOM:water ratio of 1:10 (w/v) (Orion 3-Star pH Benchtop; Thermo Electron 194	  

Corporation, Beverly, MA, USA).  195	  

 196	  

 197	  

  198	  
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Table 1. Properties of PyOM and uncharred biomass from willow stems as they were applied to soil 199	  
(except pH, which is shown before pH adjustment to the pH of the respective soil as shown in Table 2) 200	  

Property (units) 450°C PyOM Uncharred 
Biomass 

Ash (%) 1.88 0.63 

Volatiles (%) 23.9 92.5 

Fixed carbon (%) 74.3 6.9 

pH (H2O) before adjustments 10.77 5.38 

Extractable NO3
- and NO₂-‐ (mg NO3+NO2-N kg-1) 1.06 11.6 

Extractable NH4
+(mg NH4-N kg-1) 15.1 106.8 

DOC (mg C kg-1) 275.4 5776.0 

DOC (g C kg-1 C) 0.36 10.31 

Total H (%) 3.2 6.9 

Total O (%) 12.8 47.8 

Total C (%)  76.5 56.0 

Inorganic C (%) 0 0 

Total N (%) 3.05 1.77 

H/Corganic (mol mol-1) 0.49 1.46 

O/Corganic (mol mol-1) 0.12 0.64 

C/N (g g-1) 25.1 31.6 

Total P (mg kg-1) 1965.1 338.2 

Total K (mg kg-1) 2291.7 1844.6 

Total Ca (mg kg-1) 4433.3 2219.3 

Total Mg (mg kg-1) 911.2 265.3 

Total Na (mg kg-1) 134.3 95.1 

Bulk 15N (atom %) 7.71 8.19 

Bulk δ13C (‰) 693.6 748.1 

 201	  

2.2.3 Soils 202	  
 203	  

Soils in this investigation were chosen based on having a range of nSOC contents and 204	  

forms while maintaining the same parent material to control for as many variables as possible. 205	  

Soil was collected from a mixed deciduous forest on Mt. Pleasant in Dryden, NY, USA.  The 206	  
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primary soil used is a Mardin channery silt loam- a coarse loamy, mixed, active, mesic typic 207	  

Fragiudept that had no instance of burning in recorded history.  The entire O horizon (Oi and Oe) 208	  

was collected (0.0-0.02 m) as well as the A (0.02-0.2 m) and B (BE and Bw) horizons (0.2-0.4 209	  

m). These will be referred to here as temperate O-horizon, temperate topsoil, and temperate 210	  

subsoil, respectively. From these soils, an artificial soil was created by mixing ashed temperate 211	  

subsoil (ashed at 500°C for 8 h in a muffle furnace) and the temperate O-horizon to achieve the 212	  

same nSOC content as the temperate topsoil (Table 2). This soil will further be referred to as the 213	  

temperate-O + ashed subsoil. In addition, the top 0.01 m of an O-horizon was obtained from a 214	  

boreal forest soil in northern Sweden (GPS coordinates 65.38303, 19.43586; Wardle et al., 2008) 215	  

and referred to as boreal-O. All soils were homogenized, sieved (<2 mm), and air dried in 216	  

preparation for the incubation. 217	  

Field capacity of each soil and each soil mixture of soil+amendment was determined 218	  

using the modified method from Black et al. (1965) in PVC tubes having the exact diameter of 219	  

qorpax jars used in the incubation experiments.  Particle size fractionation was done using 220	  

Kettler et al. (2001). Total C, H, N and O, bulk δ13C and δ15N, pH, extractable NO3
- and NH4

+, 221	  

and total nutrient contents were measured as described above for PyOM materials.  Water 222	  

extractable C (DOC) was extracted using in DI H2O using a 1:10 ratio (w v-1), and inorganic C 223	  

was assessed using the Bernard calcimeter CO2 displacement method (Nelson, 1996).  224	  

 225	  

 226	  

  227	  
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Table 2. Properties of the investigated soils 228	  

Property (units) Temperate Subsoil Temperate 
Topsoil 

Temperate-
O + ashed 
subsoil 

Temperate-
O 

Boreal-
O 

Sand (%) 26.4 15.9 25.9 NA NA 

Silt (%) 57.5 59.5 57.9 NA NA 

Clay (%) 16.1 24.6 16.2 NA NA 

Texture Silt loam Silt loam Silt loam Organic Organic 

Field capacity (mL g-1 soil)  0.43 0.82 1.27 4.02 6.09 

Extractable NO₃ -and NO₂-‐ (mg kg-1) 1.34 3.99 1.13  1.45 0.64 

Extractable NH₄+-N (mg kg-1) 40.2 45.7 45.9  12.8 24.2 

Total C (%)  1.22 5.28 5.62 43.30 46.20 

Total N (%) 0.12 0.38 0.21 1.34 1.04 

Total P (mg kg -1) 195 15 273  383 174 

Bulk δ13C (‰) -26.1 -27.4 -28.8 -27.2 -29.1 

C/N (g g-1) 10.2 13.8 26.8 32.3 44.4 

Water-extractable DOC (mg C kg-1) 127 703 384a 2965 3742 

Water-extractable DOC (g C kg-1 nSOC) 10.4 13.3 6.1 6.9 8.1 

Microbial biomassb (mg C g soil-1) 0.03 0.31 0.22 0.45 4.87 

Microbial biomassb (mg C g-1 nSOC) 2.46 5.81 3.91 0.97 11.23 

pH (H2O)  6.2 4.89 6.00 5.85 3.52 

a Calculated value based on ashed subsoil and temperate-O data.  229	  
b Microbial biomass of unamended soil at the end of the incubation (day 45-90) 230	  

 231	  

2.2.4 Incubation experiment 232	  

Incubations took place in 1-L mason jars, whereby 30 mL DI water was poured in the bottom of 233	  

each jar to maintain 100% humidity.  Each jar contained a smaller 60-mL qorpax bottle 234	  

containing the soil and amendment mixture. Dry soil and dry amendments were added to the jars, 235	  

mixed, and wetted to achieve 65% field capacity for the soil+amendment mixture. A final wet 236	  

soil mass of 5.0 g for the boreal and temperate O-horizon, 40 g for temperate topsoil, temperate 237	  

subsoil, and temperate-O + ashed subsoil were used.  One mL of a modified Hoagland’s solution 238	  
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was added to each jar to supply sufficient nutrients to exclude any effects by nutrients contained 239	  

in amendments (Whitman et al., 2014a). A control treatment with no amendment was included 240	  

for each soil.  PyOM was added to soil at a rate of 10 mg g-1 dry soil. Uncharred willow biomass 241	  

was added based on the equivalent mass used to make PyOM at a 33% conversion rate. Each 242	  

treatment was replicated four times. The boreal-O, temperate-O, temperate topsoil, temperate-O 243	  

+ ashed subsoil, and temperate subsoil incubations were conducted for 90, 50, 50, 60 and 60 d, 244	  

respectively. Each incubation was continuously monitored using a Picarro CO2 stable isotope 245	  

analyzer (G2201-I, Santa Clara, CA, USA) fitted with a custom-built manifold capable of 246	  

sampling 112 Mason jars continuously for the entire incubation period. Each sample jar was 247	  

sampled for 6 min during each sampling period, and subsequently purged with CO2-free air to re-248	  

start at zero CO2 each period. Data were collected at a rate of 2 measurements per second over 249	  

the 6-min sampling period, and throughout the 6-min sample purge.  250	  

The boreal-O horizon soil was used in a second experiment to determine the effects of 251	  

different concentrations of PyOM and uncharred biomass on nSOC mineralization. Incubations 252	  

took place using the same set-up as the soil-C content incubation described above. One g of dry 253	  

soil was added to each jar, and the amendment was added in concentrations of 0.01, 0.1, 0.5, 1.0, 254	  

2.5, 5.0, 10, 30, and 50% by mass. The amendment and soil were mixed and brought to 65% 255	  

field capacity, bringing each jar to approximately 5.0 grams of wet soil including the 256	  

amendment. The incubation took place over 30 days.  257	  

2.2.5 Microbial biomass 258	  

Upon conclusion of the incubation, samples were immediately assayed for microbial biomass 259	  

(MB) using a modified simultaneous CHCl3 extraction method from Witt et al. (2000).   Using a 260	  

modified method from Bruuslema et al. (1996), the 0.05M potassium sulfate (K2SO4) extracts 261	  
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were oven dried at 50°C in tin capsules and analyzed for total C and δ13C concentration using a 262	  

Delta V Isotope Ratio Mass Spectrometer (Thermo Scientific, Germany) coupled to a Carlo Erba 263	  

NC2500 Elemental Analyzer (Italy). An extraction coefficient of 0.45 was used to determine the 264	  

total MB (Vance et al., 1987; Jenkinson et al., 2004) and 2-part partitioning was used to attribute 265	  

microbial biomass-C (MB-C) to either nSOC or amendment-derived C as described below.  266	  

After MB-C analysis, soils were air-dried and sealed in air-tight storage bottles for later analyses. 267	  

2.2.7 Data analyses 268	  

Respiration and microbial biomass data were analyzed using R version 3.3.1 (R Foundation for 269	  

Statistical Computing, Vienna, Austria).  Respired CO2 or microbial biomass C were parsed into 270	  

nSOC-derived or amendment C (PyOM or uncharred OM) using the following equation: 271	  

δmeasured = δnSOC * (fnSOC) + δPyOM,OM * (1-fnSOC) 272	  

fnSOC = δmeasured – δPyOM.OM / δnSOC – δPyOM,OM 273	  

fnSOC * CO2-C respired = respired nSOC 274	  

 275	  

Bulk isotopic contents of the amendments (δPyOM,OM)  were used as an endmembers in isotope 276	  

partitioning equations because bulk PyOM values have been shown to be an appropriate proxy 277	  

for 
13CO2 respiration over time (Whitman et al., 2014b). Soil isotope values used in isotope 278	  

partitioning equations (δnSOC) were obtained daily by taking the mean δ13C value for the control.  279	  

Treatment differences were determined using ANOVA analysis and Tukey corrections for 280	  

multiple comparisons as well as two-sample t-tests between treatments. Cumulative respiration 281	  

data were analyzed using pairwise comparisons between treatments based on a mixed effects 282	  

linear model with a random effect added on the sample jar to correct for multiple samplings. 283	  
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2.3 Results 284	  

2.3.1 Mineralization 285	  

 286	  

The boreal-O showed increasing nSOC mineralization 30-40 d after addition of uncharred 287	  

biomass, but no significant priming after 40 d for the remainder for the incubation. Temperate-O 288	  

and temperate-O + ashed subsoil (Fig. 1a-c) did not exhibit significant priming with either 289	  

PyOM or uncharred biomass additions over the period of 60 d examined here. Uncharred 290	  

biomass additions to the temperate topsoil (Fig. 1d) increased nSOC mineralization after 20 d, 291	  

whereas additions of PyOM caused significant negative priming after 30 d. By day 50, additions 292	  

of uncharred biomass resulted in 17% greater, and of PyOM a 24% lower, nSOC mineralization.  293	  

Additions of PyOM to temperate subsoil (Fig. 1e) resulted in negative priming by the end of the 294	  

incubation (7% decrease in nSOC after 60 d, p = 0.12). Additions of uncharred biomass resulted 295	  

in 30% greater cumulative nSOC mineralization by day 10, increasing to 36% by day 50.  296	  

In all soils, the cumulative PyOM respiration at day 50 was very low with 0.01-0.24 mg CO2-C 297	  

g-1 soil (0.14-0.57% of PyOM-C). Uncharred biomass respiration was roughly 100 times higher 298	  

than PyOM respiration in the topsoil (3.24 mg CO2-C g-1 soil, 23% of biomass-C) and subsoil 299	  

(4.63 mg CO2-C g-1 soil, 33% of biomass-C). Cumulative mineralization (50 d) of added 300	  

uncharred biomass exceeded the change in nSOC mineralization for the mineral horizons 4-28 301	  

times as a proportion of soil mass, was 10 times lower for the boreal-O horizon and was 70% 302	  

lower for the temperate-O horizon. In contrast, cumulative mineralization of added PyOM was 303	  

much lower, and was only 1.3 times greater for the temperate subsoil, and for the remainder of 304	  

the soils, negative priming of nSOC was even 4-1000 times greater than PyOM respired.   305	  
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 306	  
Fig. 1. Cumulative priming of nSOC in comparison to mineralization of amendments after addition of 10 307	  
mg g-1 charred (PyOM) and 30 mg g-1 uncharred OM (Biomass). Left panes show mean cumulative nSOC 308	  
priming per unit initial soil C per day, determined by subtracting CO2 evolution from unamended control 309	  
from that of amended soils; dashed black line indicates unamended control; data above this line indicate 310	  
positive priming, below indicate negative priming.  Right panes show mean cumulative nSOC priming 311	  
per unit soil mass per day; bold dashed (Biomass) and bold solid (PyOM) lines indicate cumulative 312	  
respiration of the amendment per unit soil mass. (n=4; bars show LSD at p<0.05, comparisons only for 313	  
nSOC).  314	  
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While increasing biomass additions from 0 to 50% (w/w) resulted in 34% more nSOC respired at 315	  

day 10 (and 34% at day 50), adding PyOM decreased cumulative nSOC mineralization by 7% on 316	  

day 10 (and 18% at day 50) (Fig. 2).   317	  

 318	  

  319	  

 320	  

Fig. 2. Cumulative nSOC respired at day 10 and the fraction of microbial biomass (MB) 50 days after 321	  
adding increasing amounts of uncharred biomass (left) or PyOM (right). Solid black lines indicate 322	  
regressions for that dataset.  323	  

 324	  
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however, the fraction of MB-C derived from added uncharred biomass or PyOM was about 3 333	  

times greater than in all the other soils.  334	  

In the boreal-O soil, with increasing uncharred biomass additions, the fraction of MB-C derived 335	  

from the amendment increased 17-fold to 0.14, whereas the corresponding fraction from added 336	  

PyOM did not increase (Fig. 2).   337	  

 338	  

 339	  

 340	  

 341	  

 342	  
Fig. 3. Microbial biomass (right) and fraction of microbial biomass C from amendment (left) at 90, 50, 343	  
50, 60 and 60 days for boreal-O, temperate-O, temperate topsoil, temperate-O + ashed subsoil, and 344	  
temperate subsoil, respectively. Asterisks indicate where the fraction from PyOM and biomass additions 345	  
are different within a given soil (p < 0.05, means and standard errors, n=4; N/A not applicable as no 346	  
amendment was added). 347	  
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2.4 Discussion 349	  

2.4.1 nSOC priming after addition of uncharred biomass  350	  

The consistently positive priming with uncharred biomass addition can be explained with 351	  

co-metabolism (Blagodatskaya and Kuzyakov, 2008; Kuzyakov, 2010), whereby the added 352	  

organic matter is providing the energy to the microbial population to metabolize a greater 353	  

proportion of nSOC. The lack of increase or decrease in microbial biomass together with a 354	  

higher proportion of the amendment in microbial biomass supports the notion that actual priming 355	  

through co-metabolism as a mechanism occurred rather than apparent priming whereby the 356	  

added amendment would simply increase microbial C turnover, but not nSOC mineralization 357	  

(Blagodatskaya and Kuzyakov, 2008). The decline in the proportion of positive priming with 358	  

greater nSOC contents corroborates that C limitation enhanced the positive priming effect by 359	  

alleviating energy constraints by the microbial community. However, this positive priming by 360	  

uncharred biomass is largely a question of the added amounts in relation to the amount of nSOC 361	  

present, since an increasing nSOC mineralization was observed with greater additions of 362	  

uncharred biomass (Fig. 2).  363	  

The forms of nSOC present appear to have had only a minor influence on the magnitude 364	  

and direction of priming with uncharred biomass. One may speculate whether the higher C/N 365	  

ratios (used here as a proxy for extent of microbial processing) of the O horizons (temperate-O: 366	  

32.3 and boreal-O: 44.4) in comparison to the mineral soils (10.2 and 13.8) may explain why the 367	  

uncharred biomass addition (31.6) stimulated nSOC mineralization in the mineral rather than 368	  

organic horizons.     369	  

  370	  
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2.4.2 nSOC priming after additions of PyOM  371	  

The lower negative priming observed in low-C subsoil than in higher-C topsoil may be 372	  

explained by lower DOC in the subsoil (127 g C kg-1 soil) than the topsoil (703 g C kg-1 soil) that 373	  

was available to interact with PyOM. This finding is contrary to Whitman et al. (2014b) wherein 374	  

the depletion of easily mineralizable nSOC by a 6-month pre-incubation of the same soil 375	  

increased negative priming by PyOM produced at 450°C, albeit with lower nSOC contents of 376	  

1.07-1.16% than in this study with 1.22-5.28% (Table 2). 	  This difference in nSOC levels 377	  

resulted in large differences in nSOC mineralization; 250 mg C kg-1 soil and 470 mg C kg-1 soil 378	  

for low and high C soils respectively in Whitman et al. (2014b), versus 640 mg C kg-1 soil and 379	  

5380 mg C kg-1 soil in sub- and topsoil in this investigation, wherein our subsoil was closer in 380	  

nSOC content and mineralization to the soil with higher mineralization in Whitman et al. 381	  

(2014b).   382	  

The explanation that more available C induces more negative priming, however, does not 383	  

hold for the O-horizons used in this investigation. These soils exhibited no significant negative 384	  

priming with PyOM additions but had much greater nSOC and DOC concentrations. At least for 385	  

the boreal-O horizon, the lack of effects of PyOM on nSOC mineralization was clearly not a 386	  

result of different ratios of PyOM and nSOC: irrespective of application rate, PyOM did not 387	  

reduce nSOC mineralization. Therefore, it is more plausible that the form of nSOC determined 388	  

the direction and magnitude of priming rather than the amount as discussed in more detail below.  389	  

Several studies (Kuzyakov et al., 2009; Cross and Sohi, 2011; Zimmerman et al., 2011; 390	  

Maestrini et al., 2014; Whitman et al., 2014b) have suggested that negative priming by PyOM is 391	  

most likely a result of the sorption mechanism whereby DOC from the soil is adsorbed onto the 392	  

surface of the PyOM thereby being protected from microbes. This is consistent with our findings. 393	  
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Unlike applications of uncharred biomass, PyOM was not incorporated to a great extent in 394	  

microbial biomass and PyOM mineralization was only 3% of the reduction in nSOC 395	  

mineralization. Therefore, substrate switching is not a likely mechanism explaining the net 396	  

negative priming by PyOM.  397	  

	  398	  

2.4.3 Effect of C-mineral association and nSOC forms on priming interactions 399	  

 Two factors may be able to explain the differences in nSOC priming effects between 400	  

different soil horizons observed in this study: nSOC interaction with parent material minerals, 401	  

and the form of nSOC itself.  In order to examine the concept, we compared priming across the 402	  

studied soils having mostly mineral associated C in the subsoil to O-horizons with no minerals, 403	  

and from pure litter with high C/N ratios to mainly decomposed OM with low C/N ratios (Fig. 404	  

4). Presence of minerals was not sufficient to result in reduced nSOC mineralization after 405	  

additions of PyOM. Despite the fact that the temperate-O + ashed subsoil had the same amount 406	  

of nSOC as the temperate topsoil, it reacted in the same way as the O-horizons with no priming 407	  

as a result of PyOM additions. However, nSOC in the subsoil did not show greater but lower 408	  

priming than in the topsoil as a result of PyOM additions, despite the subsoil having a greater 409	  

proportion of mineral-associated C as shown by lower DOC concentrations per unit C and a 410	  

lower total C content (Table 2). This may be explained by the 5.5 times greater amount and 1.3 411	  

times greater proportion of DOC in the top- than the subsoil (Supplementary Table S1), which 412	  

may have resulted in a larger proportion of nSOC be available for adsorption to PyOM surfaces 413	  

(Whitman et al., 2014b) which was then unavailable to microorganisms (Supplementary Figure 414	  

S1).  415	  
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The negative priming caused by PyOM additions here therefore hinges primarily on the type of 416	  

organic matter and amount of DOC available. Largely microbial-derived nSOC with low C/N 417	  

ratios is more likely to be stabilized by adsorption than plant-derived nSOC with high C/N ratios 418	  

as was observed by Qiao et al. (2016). The greater negative priming by PyOM with sugar cane 419	  

additions (Keith et al., 2011) or after removal of some of easily mineralizable nSOC (Whitman et 420	  

al., 2014b) in contrast to our results of lower negative priming with litter nSOC and in the 421	  

subsoil may be explained by the lower nSOC contents in the cited studies of 0.5% and 1.1%, 422	  

respectively, in comparison to 5.3% in our topsoil. In addition, the C/N ratios of the added plant 423	  

litter by Keith et al. (2011) had a C/N ratio of 99 in comparison to 27-44 in our O horizons 424	  

(Table 2) suggesting different constraints on mineralization. 425	  

The lack of short-term positive priming observed here even in O horizons appears to be based on 426	  

a complex combination of mechanisms involved in how added PyOM affects nSOC 427	  

mineralization. This lack of positive priming in the studied boreal O-horizon stands in contrast to 428	  

interpretations from a litterbag experiment at the same site (Wardle et al., 2008). Even though 429	  

our study was conducted only over 90 d in comparison to 10 y for the litterbag experiment, the 430	  

only differences in nSOC disappearance in the latter were observed in the first six months. Since 431	  

our laboratory experiment was conducted at 30°C and optimum water conditions, and the 432	  

litterbag study under ambient temperature (mean annual temperature of 3.4°C) and likely non-433	  

optimum soil moisture, the study periods may be comparable between the first six months in 434	  

Wardle et al. (2008) and the 90 d in our study. The reason for the apparent differences may be 435	  

that the litterbag experiment captures net losses from the bags, which included leaching losses, 436	  

whereas our incubation experiment only captured CO2 evolution. Any DOC from the litterbags 437	  

in the O horizon may be adsorbed in the underlying mineral horizons (Lehmann and Sohi, 2008). 438	  
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With additions of uncharred biomass, the subsoil with the most mineral associated (lowest nSOC 439	  

content) and most decomposed (lowest C/N ratio) nSOC exhibited the largest short-term positive 440	  

priming, potentially because the biomass additions were proportionally greater. Larger additions 441	  

of uncharred biomass increased nSOC mineralization to a greater extent as shown for the boreal 442	  

O-horizon. Co-metabolism or N limitation were unlikely to explain the increased nSOC 443	  

mineralization in the subsoil, since C/N ratios were lowest in the subsoil (10.2), the added 444	  

uncharred biomass had higher C/N ratios (31.6) and additions of metabolizable C may not 445	  

increase mineralization of low-C/N (and thus more microbially processed) nSOC. More likely, 446	  

desorption of nSOC from mineral surfaces may have made adsorbed C available to 447	  

microorganisms due to the large amounts of added biomass that augmented DOC by an 448	  

additional 134% (173 mg DOC-C kg-1) of DOC present in soil (127 mg DOC-C kg-1 soil; 449	  

Supplementary Table S1). This desorbed soil DOC likely had lower C/N values than the added 450	  

DOC from uncharred biomass, being more similar to total soil mentioned above. The fact that 451	  

the proportion of added uncharred biomass-C in microbial biomass was with 90% highest in the 452	  

subsoil (Fig. 3a), and the metabolic quotient was comparably high for nSOC (Supplementary 453	  

Fig. S4), supports the interpretation that more nSOC that was easily mineralizable, was available 454	  

with additions of uncharred biomass. PyOM additions, however, did not add sufficient DOC (3 455	  

mg DOC-C kg-1 or 2% of the DOC present) to change the amount of mineralizable nSOC even in 456	  

the subsoil.    457	  
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	    458	  

Fig. 4. Conceptual image of priming effects based on nSOC association with minerals (%) and degree of 459	  
microbial processing (C/N ratio). Green arrows indicate priming by biomass additions, red arrows 460	  
indicate priming by PyOM additions. Arrow direction indicates positive or negative priming, size 461	  
indicates approximate magnitude of priming effect (p<0.05). 462	  

 463	  

2.5. Conclusions 464	  

This study showed significant short-term changes in nSOC mineralization as a result of additions 465	  

of charred or uncharred willow biomass, the direction and magnitude of which varied more with 466	  

nSOC properties for PyOM and more with application rate for uncharred biomass. The consistent 467	  

positive priming by equivalent additions of uncharred biomass additions and the consistent 468	  

negative priming in mineral soils with PyOM additions should be considered in evaluating the C 469	  

budget wherever PyOM input to soil occurs as a result of vegetation fires or deliberate additions 470	  

of biochar. Desorption of nSOC especially in subsoils was a likely explanation for the strong 471	  
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positive priming induced by uncharred organic matter additions, rather than the commonly 472	  

invoked co-metabolism. More attention should be paid to the form, not only the amount of nSOC 473	  

for it is affected by priming, as well as the C/N ratio of the added substrate. Given the strong 474	  

differences between organic and mineral horizons, investigations should be done with soils of 475	  

different mineralogy or with constructed soils that vary only in their mineralogy. Additional 476	  

studies with high measurement frequency will need to be conducted that assess whether the 477	  

presence of plants and continuous C inputs will affect the short-term priming dynamics in both 478	  

organic and mineral horizons. 479	  

 480	  
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Supplementary Figure S1: Cumulative relative effect of PyOM additions on nSOC 
mineralization over time as a fraction of nSOC mineralized (nSOCamendment – nSOCunamended) / 
nSOCunamended.). Dashed black line indicates unamended control; data above this line indicate 
positive priming, below indicate negative priming (n=4; bars show LSD at p<0.05).  
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Supplementary Figure S2: Cumulative nSOC respiration per unit initial nSOC in boreal O-
horizon with increasing application rates of uncharred biomass and PyOM. Left panel depicts 
biomass addition, and right panel depicts PyOM addition (n=1).  

 

 	  
 
Supplementary Figure S3: Microbial biomass C (left panel) and cumulative C respired (right 
panel), from amendment (where applicable) and nSOC (means and standard errors; n=4).  
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Supplementary Figure S4: Metabolic quotient of different soil horizons after incubation with 
uncharred biomass or PyOM. Metabolic quotient here refers to the total C respired divided by the 
MB-C and is used to describe the microbial efficiency of utilizing the C present (means and 
standard errors; n=4).   
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Supplementary Table S1. Amounts of C or DOC applied in comparison to nSOC and soil 
DOC. 

Soil Amendment nSOC 

(mg C g-1 soil) 

C applied  

(mg C g-1 soil) 

Soil DOC 

(mg C kg-1 soil) 

DOC applied 

(mg C kg-1 soil) 

Boreal-O PyOM 433 7.7 2965 2.8 

Boreal-O Biomass 433 16.8 2965 173.3 

Temperate-O PyOM 462 7.7 3742 2.8 

Temperate-O Biomass 462 16.8 3742 173.3 

Temperate-O+subsoil PyOM 56.2 7.7 384a 2.8 

Temperate-O+subsoil Biomass 56.2 16.8 384 a 173.3 

Temperate topsoil PyOM 52.8 7.7 703 2.8 

Temperate topsoil Biomass 52.8 16.8 703 173.3 

Temperate subsoil PyOM 12.2 7.7 127 2.8 

Temperate subsoil Biomass 12.2 16.8 127 173.3 

a calculated value based on ashed subsoil and temperate-O data.   
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Supplementary Table S2. Microbial biomass and microbial quotient at the end of experiments 
(n=4). 
Soil Amendment Microbial 

biomass 
Microbial biomass 
from amendment 

Total CO2 
respireda 

Metabolic 
quotient 

(mg MB-C 
g-1 soil) 

(mg MB-C g-1 soil) (mg CO2-C g-

1 soil day-1) 
(mg CO2-C g-1 
MB-C day-1) 

Boreal-O Unamended 4.87 n/a 0.11 0.03 

Boreal-O PyOM 6.28 0.05 0.13 0.02 

Boreal-O Biomass 5.81 1.83 0.14 0.03 

Temperate-O Unamended 0.45 n/a 0.68 2.46 

Temperate-O PyOM 0.53 0.009 0.55 1.24 

Temperate-O Biomass 0.80 0.23 0.53 0.69 

Temperate-O+subsoil Unamended 0.22 n/a 0.005 0.02 

Temperate-O+subsoil PyOM 0.19 0.004 0.005 0.05 

Temperate-O+subsoil Biomass 0.36 0.09 0.003 0.01 

Temperate 	  topsoil Unamended 0.31 n/a 0.07 0.22 

Temperate topsoil PyOM 0.42 0.01 0.05 0.14 

Temperate topsoil Biomass 0.53 0.142 0.09 0.17 

Temperate subsoil Unamended 0.03 n/a 0.003 0.12 

Temperate subsoil PyOM 0.02 0.001 0.003 0.94 

Temperate subsoil Biomass 0.13 0.13 0.02 0.15 

n/a not applicable 

aOn the last day of the incubation when microbial biomass was extracted 
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