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Abstract

Concerns about the negative impacts of crop biomemssval on soil ecological functions have
led to questioning the long-term sustainabilitybadenergy production. To offset this potential
negative impact, use of organic C rich by-produoten the bioenergy industries have been
proposed as a means to replenish soil C in degradiggl However, the impact of these by-
products application on soil carbon dynamics is riolly understood. We measured
biogeochemical changes in soil organic C followaghree year field application of two by-
products, biochar (BC) and fermentation-by prod&&P), of bioenergy industry processes in an
elephant grassPennisetum purpureurfL.) Schum.] field. There was a significant incgean
overall soil organic C (SOC) observed in BC (270%epnted plots, however the higher labile
SOC (51%) content was present in FBP treated pl®tiid-state*C NMR spectroscopy further
revealed increased aromatic and alkyl groups ireBtended soils which lend to its significantly
higher hydrophobicity index, HI (2.13) compared FBPended soils (HI = 0.8). Initial
biogeochemical responses of amended soils to dtaagpditions were also investigated during a
short-term experiment with drying and rewettingsofls. Increased concentrations of extractable
C and higher stimulation of microbial activitieggpiration and enzyme activities) in soils FBP
amended soils was measured. Overall, our resultsaredifferent impacts of the two soil
amendments, where FBP soil application can affeetlabile SOC availability, and stimulate
rapid microbial response in drought affected sa@ite] biochar soil application lowers the labile

SOC and microbial stimulation facilitating C sequaison over time.

Keywords: *C NMR, biofuel residues, Extractable Carbon, sailzyene activity, soil

respiration,
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1. Introduction:

Improvements in enzyme technology and thermochdmmaversion facilitate the use of non-
grain crop biomass for bioenergy production. To intlee growing demand of either bioethanol
or pyrolysis oil, crop biomass is removed from fredd which has been shown to seriously
impact soil quality in general, and soil organichomm (SOC) in particular (Lal, 2004). Several
studies have reported negative impacts of crop assmemoval including loss of SOC stock,
increase soil erosion and decrease soil microbialities (Lal, 2005; Liska et al., 2014; Wegner
et al., 2018). Meanwhile studies have also showensthl C and nutrients in crop biomass to be
energy sources for soil biota and impact the SO, (R005). Concerns about the negative
impacts of crop biomass removal on soil ecologiaattions have led to questioning the long-
term sustainability of bioenergy production (LaQ0B; Wegner et al., 2018). To offset the
potential negative impact of removing crop biomamsbioenergy production, by-products of
bioenergy industries rich in organic C need to &emed to soil (Patzek, 2007). Such action
would provide safe and economical waste disposategfies, while improving soil quality (Pinto

and llileji, 2009).

Fermentation by-product (residual of enzymatic ddgtion) and biochar (residual of

thermochemical conversion) are common organic € sigbhstances produced from converting
biomass to bioenergy (Demirbas, 2001; Saini et 2015). The production processes are
different; hence, the C characteristics and impactsoil are expected to be different. During
bioethanol production, cellulose and hemicelluladelignocellulosic biomass residues are
metabolized to produce sugar through enzymaticdtysis leaving lignin, waxes and nutrients

to concentrate in fermentation by-product (Kim let 2008). Fermentation by-product, deprived

of cellulose and hemicellulose, is the remains &np and microbial biomass used for
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fermentation,along with pretreatment solution added in the psecee.g., phosphoric acid,
ammonium hydroxide, etc. (Gubicza et al., 2016)thim enzymatic hydrolysis process, there is
no conversion of cellulose or hemicellulose to aabo structure. Further, no graphene
nucleation or carbonization occurs in fermentatyrproduct generation, as there is during the
pyrolysis process. Biochar is produced by pyrolysieugh condensation of aliphatic (cellulose
and hemicellulose) C to polymeric aromatic C, geaphnucleation and carbonization (Amonette
and Joseph, 2009; Bera et @017). Volatilization loss of hydrogen (H) andygen (O) leaves
biochar with highly condensed and graphite-like enat, enriched in C. Overall, the

lignocellulosic biomass residues convert to carbexhirecalcitrant biochar.

The portion of SOC that decays rapidly is definedadbile SOC and the portion that does not is
considered as recalcitrant soil C (Parton et &87). Increased labile C has been related to
increased energy source in the soil food web (des\and Caruso, 2016), increasing soil quality
(Ghani et al., 2003) and soil organic matter quaf{Pebusk and Reddy, 2005). Long-term
storing and C sequestration have been creditedd®ase in recalcitrant C (Lal, 2004). The
labile SOC is characterized by rapid turnover tiarel quantified through various chemical
means (Gregorich et al., 2006). Among chemical medifferent extractants including solvent
(like water) and oxidizing solutions (mineral agidgere used to quantify labile SOC in grass,
forest or crop land ecosystems (Rovira and Val2g8)2; Ghani et al., 2003). Besides extraction,
C functional group was also determined by spectqmiscanalysis such as Fourier-transform
infrared spectroscopy (FTIR) &iC nuclear magnetic resonance (NMR) spectroscopyiaked

to labile SOC content (Baldock et al., 1997). Tamover time of SOC is a function of soil
microbial activity, which is often measured as regpn, microbial biomass or extracellular

enzyme activity. Labile SOC has been frequentlyitp@ty correlated with soil microbial
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biomass, respiration, and enzyme activity (Rovina &allejo, 2002). Thus, characterizing
labile SOC by chemical extractant ari@ NMR spectroscopy complemented with soil microbial

activity measurement would provide comprehensit@mation on labile SOC.

Labile SOC responds quickly to any change in eigwf or agronomic management practices
(Lal, 2004). Therefore, soil application of orgarierich amendments, e.g. fermentation by-
product or biochar, would influence SOC. Severhbtatory and field studies described the use
of biochar as a soil amendment to increase C st&gtiea (Lehmann et al., 2006; Zhang et al.,
2010; Zimmerman et al., 2011; Zhang et al., 2018;4dt al., 2014; Bera et al., 2016), but the
impact of biochar on SOC, specifically labile amatalcitrant, is not fully understood yet. For
example, Rutigliano et al. (2014) showed no sigaift difference in soil SOC even after
applying 60 Mg ha under a wheat crop. Similar observation has atsmlseported by Quilliam
et al., (2012) who applied 25-50 Mg hbut failed to record an increase in soil SOC umdaize
wheat cropping. The differential impact of bioclaar soil SOC in the field was attributed to
biochar and soil characteristics (Lehman et al0620From a meta-analysis, Wang et al. (2016)
reported that 97% of biochar C was recalcitranhature with mean residence time (MRT) of
556 years. The 556 years MRT of biochar C was eséichbased on information derived mostly
from laboratory incubation studies. Under field dmions, biochar-C decomposition can be
altered due to the suboptimal nutrient, moisture @mperature, boosting effect of bioturbation
and photodegradation, and biochar-C loss due facrunoff or leaching (Zimmerman, 2010).
Thus, to quantify the effect of applying biochar®@C specifically labile and recalcitrant SOC,
through further field experiments are necessarnsid®s soil C amendment, biochar has also
been used for reducing contaminant leaching irupedl land (O'Connor et al., 2018). Compared

to biochar, fewer studies have emphasized the agigin of fermentation by-products to
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increase soil C (Cayuela et al., 2010; 2014). Clayetal. (2010) found 16-19% of fermentation
by-product C to be mineralized within 60 days oftubation. Easy decomposability of

fermentation by-product contributes to greater sgspiration and soil labile C content, whereas
the role of fermentation by-product in C sequegirais unconvincing. The reported nature of C
in fermentation by-product and biochar leads to hiypothesis that fermentation by-product
contributes to the soil labile C pool, whereas baicincreases soil recalcitrant C. Hence, the
objectives of this study were to investigate: (i¢ impacts of biochar and fermentation by-
product on soil labile and recalcitrant C and (2)l snicrobial responses to biochar and

fermentation by-product application in amended.soill
2. Materials and methods:
2.1 Study site description and amendments

The study site soil was categorized as sandy 88il¢6 sand, 1.2% silt and 0.4% clay) based on
USDA soil textural classification with a bulk detysbf 1.61 g cm®, a pH of 6.8 and SOC of
5.67 g kg'. Mehlich-1 extractable P, K, Mg, and Ca contenter@.7, 12.2, 20.9, and 925.2 mg
kg™, respectively in surface soil (0-20 cm soil dep@garcane fermentation by-product was
used as the by-product of bioethanol produced tdir@mnzymatic hydrolysis. Among the various
feedstocks available, sugarcane bagasse is the cooston source for second-generation
bioethanol production (Saini et al., 2015). Conlyaragricultural residue specifically crop
biomass are limited for burning (Zhao et al., 2018)the pyrolysis industry, wood biomass is
preferred because of its easy availability at concrak scale and greater lignin content and
lower ash content than crop biomass (Demirbas, ;20@tho et al., 2018). Pine chip biochar
was used in this study as the by-product of biagnegroduction through pyrolysis. Both

amendments were applied at the same C loadingpfate37 Mg h& yr' which approximates

6
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the mass of C obtained from elephant grass yietisefich of the respective conversion
technologies. Fermentation by-product used in #peEement was obtained from the University
of Florida Stan Mayfield Biorefinery in Perry, Fida, following bioethanol production from
milled sugarcane bagasse (Gubicza et al., 2016th&r, obtained from Standard Purification,
Dunnellon, Florida, was produced by pyrolysis afla@ned pine bark for about 30 min at 760
°C via indirect-fired rotary kilns. Low temperatusechar was not included in the present study,
because low temperature biochar also known asctaari is not the byproduct of bioenergy
production through pyrolysis (Lehman 2007). Chagastics of the fermentation by-product and
biochar used are presented in Table 1.

The details of the experimental design are givenReyes-Cabrera et al. (2017). Briefly,
experiment was conducted for three growing seag®t3-2015) at the University of Florida
Plant Science Research and Education Unit (2B°24d 82°9N). Eight rows of elephant grass
[Pennisetum purpureuiit..) Schum.] breeding line ‘UF-1’ spaced at 1 rerevplanted in 90 fn
(10 x 9 m) plot. The experiment was arranged iarelomized complete block design with three
treatments and one control. These naturally N-&ohisoils had been fertilized with base N
fertilizer (Ammonium nitrate, 50 kg N Rayr™?) in all plots to maintain minimal plant
productivity (Knoll et al., 2011) and to minimizleet weed pressure. Therefore, the control plots
were identified as (low fertilizer N: LN). The theréreatments were: (1) LN plus 200 kg N'ha
yr* (intensive fertilizer N: LN+N); (2) LN plus 9 Mgrg fermentation by-product Rayr™ (low
fertilizer N with fermentation by-product: LN+FBP{3) LN with 7 Mg biochar ha yr* (low
fertilizer N with biochar: LN+BC). After fertilizabn, amendments were hand applied and mixed

with the surface soil of respective treatment piotsiid-May each year.

2.2 Physicochemical characterization of amendet$ soi
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After harvest of aboveground biomass on NovembeR@Q@5, soil samples were collected from
the 0-10 cm soil layer on December 10, 2015. Raf@dicomposite samples were prepared with
six soil cores (0-10 cm depth, 3.8-cm diameter)nfas was air dried and sieved to pass a 2
mm screen. Air-dried samples were analyzed forpKoil water suspension (1:2, w:v), loss on
ignition (LOI) at 550° C, and soil organic C and N by dry combustion ifi@ermo Flash EA
1112 elemental analyzer (CE Elantech Inc., Lakewdtd USA). As a measure of solil labile C,
a sequential extraction process was performedtima&® cold water extractable C (CWC), hot
water extractable C (HWC) and acid water extraet&bl(AEC) following procedures of Sihi et
al. (2016) and Silveira et al. (2008). Briefly, t68/C and HWC were determined by extracting
with double distilled (DDI) water using a 1:10 swihter ratio at 23C for 30 min and at 88C

for 16 h, respectively. Suspensions were shakeanoend-over-end shaker at 30 rpm, followed
by centrifugation for 20 min at 4000 rpm, and &tton (0.45 um filter). AEC was measured by
treating residual soil from the hot water extractgtep with 6 N HCI, while maintaining similar
soil:water ratios, extraction times, shaking pesioahd filtration processes. Extracts were
analyzed in a 5050A TOC auto-analyzer (ShimadzypC@&olumbia, MD; EPA method 415.1).
The combined CWC, HWC and AEC extracts represdmlelsoil C. Residual C (RSC) content,

considered as recalcitrant C, was determined biyatting labile soil C from the total C.
2.3 Solid-staté*C nuclear magnetic resonance NMR analysis of anterdis

Solid-state™C nuclear magnetic resonance (NMR) spectroscopyused to characterize the C

functional groups in SOC. Replicate samples fromheimeatment were composited into one
sample for NMR spectroscopy analyst3C NMR spectra were acquired using an Avance
lll spectrometer manufactured by Bruker Bio-Spireigting at a field strength of 14 tesla (600

MHz) with a 51 mm bore. Spectroscopy data wereectdld using TopSpin software (version 3.2
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pl5), and imaging data were collected with Paradfi$. Solid State NMR studies utilized Magic
Angle Spinning (MAS) in which samples were sputhatmagic angledfn = ~54.74) at speeds
from 5-15 kHz that drastically decreases line bewaag (Knicker, 2011)Finely ground and
sieved (250um) samples were packed into 3.2 mm NM#®nium rotors with Kel-F drive caps
(Wang et al., 2011). The rotors then were placethénNMR probe tuned t6C and'H nuclei
frequencies and spun to 7 kHz at 233 K. Dependin@ @ontent, 10,000-18,000 transients were
collected for each experiment with a recycle ded&yds. MAS **C Solid State NMR spectra
were collected utilizing a Cross Polarization withtal Sideband Suppression (CPTOSS) pulse
sequence. A 4.hs 1H#/2 pulse followed by a 1.5 ms ramped CP pulse wapptied at 100 kHz
(H) and 55 kHz (C). The MA$’C Solid State NMR spectral regions were referencgdg an
external standard (adamantine) and were integtatddtermine the relative contribution of each
C functional group in the sample based on refeerssignmentD-alkyl C into methoxyl C
(45—-60 ppm), carbohydrate C (60-90 ppm) an@-@ikkyl C (90-110 ppm); and aromatic C into

aryl C (110-140 ppm) and phenolic C (140-160 p@ajdock et al., 1997).

The C stability of the amendments and the treatddweas estimated from the aromaticity and
hydrophobicity of SOC (Baldock et al., 1997, Spaceat al., 2002). Based on the integrated
areas of C types from tH&C-NMR spectra, the following ratios among the oigagroups

present were determined which is a measure oflisyadli SOC.:

Aromatic + alkyls

Hydrophobicity =
yarophobicity Carboxyl + 0 — alkyl

| T Aromatics 100%
romaticity = Alkyl + 0 — alkyl + aromaticx ’

Laboratory incubation study
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Florida being a semi-arid tropic region also haseatended dry period from October to late
May, resulting in quick dry soil conditions (Sun &t, 2015). This followed by rainfall or
irrigation creates frequent dry (similar to drouglainditions) and wet cycles in the field. To
study the effect of amendments on biogeochemistrdrought impacted soils, a laboratory
incubation study was established with the air-dged from experimental plots. Fifty grams of
soils in a mason jar (~200 mL) was initially moistdnat 60% (by weight) of maximum water
holding capacity (MWHC) and incubated aerobicallyam temperature (23 °C) in the dark.
Gas exchange was permitted for 72 hours to obwege'Birch” effect: the sudden increase in
soil C and N mineralization caused by re-wettingday soils (Birch 1958). Additional DDI
water was then added to increase the moisture mbtat€/0% of MWHC and soils were stirred
thoroughly to mix the added water. Mason jars, cedevith parafilm, were arranged randomly
in a water tub and incubated for 14 days at roamptgature (123 °C) in the dark. Incubation
units were checked regularly for moisture loss &t 8ay interval. Moisture deficits were
corrected by adding the same amount of DDI, unifgrsprinkled with a micropipette. Rates of
microbial respiration were measured periodicallyrimy the incubation at predetermined
intervals. Before each sampling, the incubatiortsuniere flushed with C&free air and fitted
with a lid containing a septum to make the inculatunit a closed system. Periodic gas
sampling of head space was conducted, and gas malgzed with a gas chromatograph
equipped with a thermal conductivity detector (X2Ghjection, 50°C detector temperature)
(Shimadzu Scientific Instruments, Columbia, MD). udg CO,-C production rates were
calculated by linear regression of the g#@aks over the sampling time using the ideal gas |

The rate of C@C production was measured at predetermined sagphres, i.e. 0.25, 0.5, 1, 2,

10
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5, 8, 11 and 14 days after starting the incubati@umulative C@-C productions (CCC) were

estimated by linear interpolation of the hourly SOproduction rate at each sampling event.

2.4 Soil microbial biomass and enzyme analysis

Following incubation, soil microbial biomass C (MB@as determined using a chloroform
fumigation extraction procedure (Vance et al., J98Uumigated and non-fumigated extracts
were filtered, followed by analyzing total dissalv€ in a 5050A TOC auto-analyzer (Shimadzu
Corp., Columbia, MD; EPA method 415.1) similarlyfas water extractable C. Salt extractable
C (SEC) in non-fumigated soil was considered lal@ilevhich is immediately available for
microbial use (Sihi et al., 2016). MBC was estirdaés the difference in extractable C between
fumigated and non-fumigated soils using a correctiactor of 0.45 (Vance et al., 1987).
Extracellular enzymes ([3-1,4-glucosidase (BGA)plagd in catalyzing cellulose degradation;
Leucine Aminopeptidase (LAP), involved in proteiregdadation; N-acetyl glucosamidase
(NAG), involved in degrading chitin; and acid phbapmse (APA), involved in degrading
organic phosphate) were measured using fluoresagged substrates, as previously described
(Inglett et al.,, 2011). Enzyme substrates (metmybelliferone (MUF)-phosphate, MUF
glucoside and MUF-glucosaminide) were used to nreadfA, BGA and NAG, respectively.
L-Leucine-7-amido-4-methylcoumarin (AMC) hydrochitte was used to measure the LAP
activity. Soil slurries were added with respectsubstrates and incubated one hour. At the
beginning and end of incubation, formation of tieofescent product MUF or AMC was
measured at excitation/emission wavelength of 3@D/h a fluorometer (Biotek, Winooski,
VT). Quenching curves were prepared for each sebibfsamples to account for any quenching
of the fluorescent product by the soil matrix. Emeyactivity was calculated by using a standard

curve (MUF and AMC) and a quenching curve. Speaifit enzyme activities were measured as

11
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the ratio of enzyme activity to the microbial bioseaC and reported as kg MUF released kg
microbial biomass Ch Enzyme activity ratio (AR) was calculated as tago of either C to N

or C to P enzyme activity and reported as a ussg-feumber.
2.5 Statistical Analysis

The laboratory experiment was laid out in a congbjetrandomized design with three
replications including treatments as the main faci@ determine the treatment effects, data
were analyzed using analysis of variance in the @RELIM (SAS, 2013). The multiple mean
separation with corresponding letter grouping metheas performed using Tukey's honest
significant difference (HSD) test in SAS. All stiical analyses were done at the 5%
significance leveld= 0.05). To correlate the measured soil propedrestheir relationship with
the treatments imposed in the experiment, prinagpahponent analysis (PCA) was done using
JMP version 5.1 (SAS Institute, Inc., Cary, NC, USA biplot of first and second component
was performed. The PCA analysis was done basedirectly measurable soil properties

excluding the deduced properties like specific emzyctivity and enzyme activity ratios.
3. Results

3.1 Impact of three years of N fertilizer and biesgy by-products applications on soil

physicochemical properties

Application of amendments did not alter the soil @ktept for in the case of FBP where the soill
pH decreased (Table 2). As expected, the C-ricengngy by-products significantly influenced
soil LOI, and organic C content compared to LN (€aB). LOI and SOC followed a similar
trend in the amended soils. A 246% increase in inQliochar-treated soil compared to LN also

suggested the greatest SOC. Following the trerdodf LN+BC had a 270% increase in SOC

12
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over LN. Fermentation by-product increased both lB@td SOC in soil by 54% and 37%,
respectively, compared to LN. Intensive N fertitiZeN+N) also increased the SOC and LOI,
but the increase was insignificant. In contras6®C, LN+BC resulted in the lowest soil TN
content among the treatments. Soil organic N (S@#¢yeased in the following order: LN+FBP
> LN > LN+N > LN+BC (Table 2). Consequently, the greatest soN €tio was recorded for

soil treated with LN+BC, followed by LN+N, LN+ FB&nd LN.

Characterization of labile organic carbon is esaétd understand C cycling in the soil samples.
To characterize the changes in the labile and ciait C as impacted by the extra fertilizer N
or bioenergy by-product treatments, a sequentidtaCtionation scheme was used. Fractions
were defined operationally and quantified as thewm of the C extractable in either cold water,
hot water, or acid water. Labile SOC (soil C fran8, Table 3) and recalcitrant C differed
among the treatments. The LN+ FBP samples hadrdetast content of CWC (1.1% of SOC),
HWC (4.4 % of SOC) and AEC (45.6% of SOC) amongtteatments (Table 3). Treatments
involving the other bioenergy by-product, i.e. LNGBad similar contents of CWC (0.06+0.00 g
kg?) and AEC (2.05+0.13 g kg, but lower HWC (0.07+0.02 g Kt compared to either LN or
LN+N, and the greatest RSC (30.51+0.93 gkdBoth N fertilizer treatments had similar C

content in all fractions (Table 3).

In addition to the chemical fractionation of SOCoplatular C functional groups of amended
soils were characterized BYC NMR (Fig. 1). TheAlkyl C (0-45 ppmjegion of the C-NMR
spectra was assigned to proteins, lipids, and aiplbranched and short chained molecules. This
region was mostly represented by the highest pbakreed at 30 ppm (the methylene C in the
long chains of aliphatic compounds) (Table 4). NiMR spectroscopy analysis clearly indicated

that the alkyl functional group dominated the NMbestra of LN (100% of total C) and LN+N

13
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(86%), as well as LN+BC (41%) soils (Table 4). IN koil, no other groups were detected. In
LN+N soil, 14 % of total C was identified O-alkylhe O-alkyl C (45-110 ppm) regionas
assigned primarily to O-substituted alkyl carboncarbohydrates, but also included methoxyl
carbon and N-substituted alkyl carbon in proteifNKR spectra showed th&-alkyl regions
were dominant for soil amended with fermentatiorpbyduct (55%), followed by biochar
(27%), but absent in LN and only 14% in LN+N soddtments. Tharomatic region (110-165
ppm)includes aromatic carbons linked to O or N and-swnstituted and C-substituted aromatic
carbons. The spectral regions between 140-165 pasnassigned to lignin, phenols, aromatic
ethers or amine moieties. The highasimaticC was identified in LN+BC soil (27%), followed
by LN+ FBP soil (19%) (Table 4). Thearboxylic region (165-220 ppnmcluded carboxylic
acids (—COOH), mainly organic acids that are freeneolved in esters or amides, and carbonyl
group (—C-O) present in aldehydes, ketones anchargeid. Similar taaryl-C, carboxyl-C was
only detected in LN+ FBP (1.4%) and LN+BC (5.2%)Is¢Table 4)."*C-NMR spectroscopy
also provided the relative stability of SOC in terof HI and aromaticity (Fig. 2). Lower HI and
aromaticity of LN+ FBP (0.8 and 19, respectivelylicated short-term stability of fermentation

by-product amended soil compared to biochar amesdid

3.2 Soil respiration, microbial biomass, salt exti@le carbon and enzyme activity

Soil treated with fertilizer N and bioenergy by-guzts showed significant difference in pattern
of CO,-C production rate (Fig. 3). Fermentation by-prddaraended soil always had the greatest
CO, production rate except at the last sampling emembng the treatments. GQ production
rate peaked sharply within a day of incubation M+LFBP, and then decreased gradually until
day 8 before becoming stable. In contrast, bioemaendment increased the £0O production

rate gradually during the initial 2 days of incubatand then decreased and continued to be

14
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stable from day 8 onwards. The gradual increage@s-C production rate was also evident in
LN and LN+N soil, but the rate peaked within 2 daysncubation and then decreased thereafter
to become steady from th& Blay of incubation for LN and from thé"&lay of incubation for
LN+N. The significant difference in the G& production rate ensured the significant diffeen
in cumulative C@-C production (CCC). Parallel to G& production rate, LN+ FBP had the
greatest CCC which was 85% greater than LN (Fig.TAe biochar and LN+N had a similar
CCC as that of LN. At the end of 14 days incubatiBC was also greatest in LN+ FBP but
not significantly different from LN+BC. Both LN+ ABand LN+BC had 85 and 32% greater
MBC than LN, respectively. LN+N did not affect teeil MBC compared to LN. Similarly, Fig.
4 shows significant differences in treatment effacthe SEC. Soil treated with fermentation by-
product had the highest SEC while biochar amendmesilted in the lowest SEC. The SEC

content in LN+ FBP was 15% greater and in LN+BC @&% lower than LN.

Soil amendment with bioenergy by-products and Nilisgr significantly influenced the soil
extracellular enzyme activity, as presented in bigApplication of fermentation by-product had
significantly greater enzyme activity (except foA®) than biochar, LN+N and LN. For BGA,
LAP and APA, the enzyme activity displayed a simgattern, i.e. greatest in LN+ FBP and then
statistically similar activity in LN, LN+N and LN+B amended soil. The enzyme assay showed
that fermentation by-product amendment in soil@ased BGA, LAP, NAG and APA activity
by 1400, 250, 200 and 177%, respectively, comparddN. The specific enzyme activity was
used to compare the stimulation of enzyme actiwitgols as triggered by the amendments. The
specific activity of BGA was substantially greater LN+ FBP than in any other treatment
(Table 5). Specific BGA activity in LN, LN+N and L.NBC was similar, like BGA activity. The

specific LAP activity was greatest in LN+ FBP (232+mmol g- MBC h™) which was similar
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to LN+N and LN, and greater than LN+BC. Specifizygme activity observed for NAG was
greatest in LN+FBP (211+29 mmol g-1 MBC)hand lowest in LN+BC (28+5 mmol'gMBC
h™). Likewise, specific enzyme activity of phosphornesterase activity was greatest in LN+
FBP (375+37 mmol § MBC h) and lowest in LN+BC (99+8 mmol'gMBC h*). Furthermore,
the stoichiometries of enzyme activities were digantly influenced by the treatments (Table
5). The C:N enzyme activity ratio was similar in LAN+N and LN+BC. However, the LN+
FBP samples had the greatest C:N enzyme activity (.80+0.22) among the treatments. The
trend of C:P enzyme activity ratio mirrored that@MN enzyme activity ratio. The LN+ FBP
treatment had the greatest C:P enzyme activity r@i20+0.23). The LAP: NAG ratio was
significantly greater (3.8+0.5) in the LN+BC tream, but comparable in the other three

treatments.
4. Discussion
4.1 Changes in SOC due to bioenergy by-productmidment

Three years of C-rich bioenergy-byproduct amendmantfield soil were expected to induce
differences in SOC content. Despite adding 13.1 g C over three years through both
amendments (fermentation by-product and biochaBatgr SOC content in biochar amended
soil suggested the greater persistence and syabflibiochar C than fermentation by-product
confirming previously reported results (Lehmanmlet2006; Zhang et al., 2010; Zimmerman et
al.,, 2011; Zhang et al., 2012; Liu et al., 2014ra8Bet al., 2016). Several investigators have
indicated the recalcitrant and long-term stabitifyoiochar C against microbial decomposition in
soil (Zimmerman et al., 2011; Wang et al. 2016)e Ténger biochar-C MRT has always been
associated with increased condensation of C thrargimatic polymerization and graphene

nucleation (Amonette and Joseph, 2009; Bera et 28117). In comparison to biochar,
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fermentation by-product C stability in soil hagatted less attention in the past decade. In a 60-
day incubation study, Cayuela et al. (2010) estahdbhat only 16-19% of applied fermentation
by-products remained at the end of one year withmamnual temperature of 10 in temperate
soils. The greater decomposability of fermentatigrproducts compared to biochar could be
ascribed to differences in C polymer structure dmactional groups as detected by NMR
spectroscopy (Fig. 1&2 and Table 5). Mostly, fertagion by-products go through pretreatment
with acidic or alkaline solution at high temperatGubicza et al., 2016). The pretreatment
breaks down the cell wall architecture of crop aasi by disrupting thg-O-4 linkages in the
lignin polymer (Kim et al., 2008). In this way, themaining portion of cellulose and
hemicellulose, which otherwise is generally pragdcin heavily cross-linked lignin moiety, is
exposed to easy microbial attack when applied th @Gm et al., 2008). Even though
fermentation by-product is predicted to have gredézomposability than biochar, a thoughtful
interpretation is needed when extrapolating lalmoyastudy results to field conditions. The
differences in fate and behavior of fermentatiorpbgducts in the laboratory or field will also

be altered by aspects mentioned in the foregoisgudsion for biochar amendment.

The above discussion undoubtedly indicated thesmdfftial stability of amended C which is
directly related to labile and recalcitrant poofsS®C. Estimation of labile SOC pools has been
adopted successfully through sequential extracticdmemes in the past (Ghani et al., 2003;
Silveira et al., 2008, Akinsete and Nkongolo, 20%6)i et al., 2016). In the present study, the
fractionation scheme including CWC, HWC and AE@wa#d us to investigate the labile SOC
in detail (Akinsete and Nkongolo, 2016; Sihi et 2016). Cold and hot water are considered as a
mild agent that can affect the carbon fraction®ived in the short-term binding of aggregates.

Cold water extracts the most labile carbon poalpied by hot water extraction where the
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extracted carbon is strongly related to soil mi@bbiomass, respiration and micro aggregation
(Haynes and Francis, 1993; Ghani et al., 2003)d @ot hot-water extractions have been used to
determine readily decomposable fractions of s@haic matter and thus are used as fractions of
labile SOC pools (Balaria et al., 2009; Gregorithak, 2006). Acid extractant (6 N HCI) is
considered a stronger extractant compared to caldhat water and able to extract significantly
greater amounts of SOC (Silveira et al., 2008).af&xeacid extractable labile SOC content than
CWC and HWC for all the treatments in the presémt\sis in agreement with the previously
reported results (Rovira and Vallejo, 2002; Silvetaal., 2008). The information on the
extractable C in soil amended with the fermentabgsproduct or biochar is limited. In a recent
study, Lin et al. (2012) reported water extractadiganic C content was at ppb levels in a series
of biochars. Therefore, the contribution of bioctmextractable SOC would be inconsequential.
Insignificant influence of biochar on water extedde C is also supported by our results (Table
3). Fermentation by-product contains large amowntsxtractable C as compared to biochar.
Johnson et al. (2004) found fermentation by-prod{stnilar to that used in the present
investigation) to contain 70% acid extractable GerEfore, extractable C content in bioenergy
by-product amended soil will be greater, as foumdhe present study (Table 3). Likewise,
Cayuela et al (2010) found an 86% increase in etabde C in bioenergy by-product amended

soil compared to unamended soil.

13C solid state NMR has been used to identify SOGtfanal groups: carboxyl, aryl, O-alkyl,

and alkyl based on chemical peak shifts (Baldocklget1997; Knicker, 2011). The identified
SOC functional groups vary in their molecular cosipon which in turn determines the
chemical extractability, microbial decomposabildsy lability and persistence of SOC (Baldock

et al., 1997; Silviera et al., 2008; Knicker, 201Generally, the extractable C (water and acid)
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was related to alkyl, O-alkyl and carboxylic C (D8land 165-200 ppm) while the recalcitrant C
was mostly linked with aryl C (165-220 ppm) andatéesser extent with O-alkyl C (Silviera et
al., 2008). The extractable C includes mostly chylrates, proteins and amino acids while the
recalcitrant C includes lignin, lipids, waxes amsbmeric cellulosic C (Silviera et al., 2008). The
analogous C functional group composition of SOCLKh and LN+N suggested insignificant
change in extractable C and microbial response tdumineral N fertilizer. Primarily, the
experimental soil was sandy and strictly C limitedl0.0 g kg soil). Under C-limited
conditions, mineral N fertilization or anthropoger deposition was reported to have little
effect on soil CQ production through microbial respiration (Chenakt 2014). Thus, extra N
fertilization resulted in similar extractable C ¢emt and microbial activity as in low C soil.
Greater alkyl C and O-alkyl C in fermentation bypguct amended soil may have directly
originate from amendment and resulted in greatéraetable C and microbial responses, as
indicated by respired GQand enzyme activity. However, contrary to our etagon, biochar
amended soil had lower extractable C and micraksponse regardless of having greater alkyl
C (40% of SOC) which indicates that mere functiogr@up detection would not be enough to
predict extractable C and microbial response. Usanoindex based on relative proportion of
identified C functional groups could be of help emplaining the effect of organic C-rich
amendments (Spaccini et al., 2002). The greatantildx and aromaticity of biochar amended
soil confirmed that the biochar amendment suppiree recalcitrant C than labile C despite
having greater alkyl C. The HI and aromaticity hdeen used frequently as interpreters of
extractable C and microbial activity in aerobic greht soil (Spaccini et al., 2002, Normand et

al., 2017).
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4.2 Soil microbial respiration and extracellular me activities: Legacy impact of bioenergy

by-product application

Fermentation residue amendment increased the@@oduction rate and resulting total £0
produced in the present experiment, as also repant@revious studies (Johnson et al., 2004;
Johnson et al., 2007; Cayuela et al., 2010; Cayeteddh, 2014). The principal reason for greater
microbial activity could be linked to greater labiC availability in LN+FBP soil because of
fermentation by-product amendment (Cayuela et @1,02 Previously, a 0-175% increase in
CO,-C respiration rate was observed in different Cteonsoils for fermentation by-product
amendment with application rates ranging from 116® Mg h& (Johnson et al., 2007). A
fermentation by-product amendment rate of 10 Md, tile our experiment (9 Mg hay™),
produced only 20-50% greater gtan the control (Johnson et al., 2007). The eanientioned
studies used laboratory incubation of soil rathntinvolving field soil as in the present study
with fermentation by-product application for threensecutive years. Thus, the present study
provided the unique opportunity of understanding thidterm influence of field applying
fermentation by-product on soil microbial responsésdditionally, air-dried soil was
remoistened at 70% WHC to reflect natural fielddiGons in which soils go through a cycle of
drying and rewetting due to summer fallow followirgjnfall and/or irrigation. The labile and
recalcitrant SOC is the most important aspect deteng soil microbial activity in rewetted air-
dried soil (Sun et al., 2015). Though soil dryingshbeen frequently reported to alter the soil
microbial responses (Birch, 1958), MBC and enzyrotevidy of rewetted air-dried soils were
measured to determine the impact of C amendmesobilrpreviously (Sun et al., 2015; Zhang
and Marschner, 2016). The greater MBC in LN+FBH w@s expected since the labile C

(measured by extractable C and NMR spectroscomygased. Increased availability of labile
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SOC exploded the proliferation of ‘r-strategist’amubes that are adapted to respond quickly to
newly available C with greater respiration and emeyactivity (Zimmerman et al., 2011).
Surprisingly, despite having comparable MBC to LI8F; LN+BC soil with lower C@C
production rate indicated the likelihood of a diffiet microbial habitat. It is tempting to
speculate on the existence of “biochar-sphere” ifhaim et al., 2011) in explaining the greater
MBC with lower enzyme activity in LN+BC solil. “Bidw@ar-sphere” is characterized by the co-
localization of substrate, microbes and enzymesa bo-localized habitat, microbes, substrate
and enzymes are usually immobilized under an optemaironment on solid surfaces. The
optimum environment leads to lowered activity oh@irolyzing enzymes and increases the C
use efficiency and enzyme activity efficienciesmoicrobes, but maintains greater microbial

biomass (Lehmann et al., 2011).

Greater p-glucosidase, N-acetyl glucosamidase, Leucine ap@ptdase and
phosphomonoesterase activity of LN+ FBP amongréegtrnents confirmed the impact of added
available substrate through fermentation by-pradtiotbe specific, greater hydrolytic enzyme
activities related to C, N and P mineralization evdirectly correlated to extractable C content in
soil (Fig. 6). In LN+FBP soil, the greater gluadsse activity was indicative of increased
availability of substratel.e. labile C. Previously, increased glucosidase agtiwias linked to
increased substrate availability through eithenpléter or organic C substrate addition (Allison
and Vitousek, 2005). Similarly, the greater pe@alactivity being highly correlated to AEC
(Fig. 6) was indicative of positive response to ilade substrate rather than ‘substrate
limitation’. Commonly, the phosphatase activity wasnnected to ‘substrate limitation’
(Sinsabaugh et al., 2009). Thus, greater APA dgtivi the LN+FBP could be indicative of

available P deficiency even though 486 kg of Mdtili®® had been added through 27 Mg of FBP
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in three years. The present experimental soil wagj@ately supplied with available P (Mehlich-
1 P: 64.7 mg K{g), making the interpretation of APA activity morensplex. Subsequently, the
interpretation of APA activity in C-rich amendedilsoeeded greater attention from the
investigator to clearly understand the ecology &AA Primarily, the lower enzyme activity in
LN+BC soil could be explained by ‘biochar-sphera§ previously discussed. Secondly, the
decreased enzyme activity in LN+BC soil could abeo caused by substrate sorption on BC
surfaces (Lehmann et al.,, 2011). In the presertystsorption-driven reductions in enzyme
activities were not likely to occur as enzyme dttivmeasurement was performed using
fluorescence-based substrate, as suggested byyBdilal. (2011). Furthermore, the specific
enzyme activity analysis also suggested notewarttiyence of fermentation by-product on soil
glucosidase activity. Among the enzyme activityagta prominent difference was recorded for
LAP: NAG in LN+BC soil because of very low NAG agaty. Typically, NAG activity is an
indicator of greater fungal biomass than bactéamass. Biochar amendment was previously
reported to alter the microbial composition (Lehmaat al., 2011), but lack of information on
microbial composition in the present study makedatd to reach a definite conclusion.
Nevertheless, the difference in both bioenergy tmdpcts’ effects on SOC triggered varied
microbial responses. The PCA analysis invariabbgssted that fermentation by-product mostly
increased the labile C fraction in soil which imrtstimulated the microbial activity. The biplot
of first and second principal component explair®igo total variability in the analyzed data set
clearly separated out the LN+FBP from the otheedhtreatments (Fig. 6). The clustering of
LN+BC soil opposite to LN+FBP in the biplot was @lsvidence of their contradictory soll

responses. The clustering of LN and LN+N togetheayafrom LN+FBP and LN+BC suggested
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a negligible effect of mineral N fertilizer on ths®il properties studied related to SOC and

microbial biomass.

5. Conclusions

Bioenergy by-product application unsurprisingly noyed SOC content compared to either LN
or LN+N. The increase in SOC by LN+BC was 270% tge#han LN alone. LN+ FBP had
greater soil microbial biomass, labile C and sedpiration compared to LN. Biochar increased
the aromatic and lignin (recalcitrant forms of) € soil, whereas fermentation by-product
increased aliphatic, methoxyl and cellulosic (labibrms of) C in soil, as compared to LN.
Biochar reduced the enzyme activity compared tothier treatments. Thus, soil application can
be a part of sustainable bioenergy by-products gemant. Depending on the type of bioenergy
by-product, influences on labile and recalcitrantdhtents will differ in soil. Fermentation by-
product (similar to that studied here) applicatiam increase soil C, mostly in the labile fraction,
facilitating soil microbial activity and nutrienidavailability. Biochar will also increase soil C,

mostly in the recalcitrant fraction, facilitatingareased C storage in the soil over time.

Acknowledgments

This material is based upon work supported in pgrtthe National Institute of Food and
Agriculture, U.S. Department of Agriculture undevaad number 2012-67009-19596. We thank
Joel Reyes and Andrew Schreffler for maintaining tield plots and assistance in collecting
samples. The authors gratefully acknowledge fundiogn the U.S. Department of Energy’s
International Affairs [grant number DEP10000031grfr the U.S. Department of Energy’s Office
of Energy Efficiency and Renewable Energy, Bioegergchnologies Office. A portion of this

work was performed in the McKnight Brain Institué the National High Magnetic Field

23



510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Laboratory’'s AMRIS Facility, which is supported biational Science Foundation Cooperative

Agreement No. DMR-1644779 and the State of Florida.

References

Akinsete, S.J., Nkongolo, N.V., (2016). Soil Carlzord Nitrogen Fractions of a Grassland in

Central Missouri, USA. Communications in soil scerand plant analysid/, 1128-1136.

Allison, S.D., Vitousek, P.M., (2005). Responsesegfracellular enzymes to simple and

complex nutrient inputs. Soil Biology and Biochetnjs37, 937-944.

Amonette, J.E., Joseph, S. (2009). Characterisfitsochar: Microchemical properties. In:
Biochar for Environmental Management: Science aaednhology(eds. Lehmann, J., Joseph,

S), pp. 34-52. Earthscans, UK.

Bailey, V.L., Fansler, S.J., Smith, J.L., and Bnltdr., H., (2010). Reconciling apparent
variability in effects of biochar amendment on smilkzyme activities by assay optimization.

Soil Biology & Biochemistry43, 296—-301.

Balaria, A., Johnson, C.E., Xu, Z., (2009). Molectscale characterization of hot-water
extractable organic matter in a northeastern fosedt Soil Science Society of America

Journal 73, 812-821.

Baldock, J.A., Oades, J.M., Nelson, P.N., Sken®&).,TGolchin, A., Clarke, P., (1997).
Assessing the extent of decomposition of naturgkoic materials using solid-stati-

NMR spectroscopy. Australian Journal of Soil Reskea85, 1061-1083

24



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

Bera, T., Collins, H. P., Alva, A.K., Purakayastfia)., Patra, A.K., (2016). Biochar and
manure effluent effects on soil biochemical propsrunder corn production. Applied Soil

Ecology,107, 360-367.

Bera, T., Purakayastha, T.J., Patra, A.K., Datt&;.,S(2017). Comparative analysis of
physicochemical, nutrient, and spectral propertidsagricultural residue biochars as
influenced by pyrolysis temperatures. Journal ofteMal Cycles and Waste Management,

20, 1115-1127.

Birch, H.F., (1958). The effect of soil drying omrhus decomposition and nitrogen. Plant

and soil, 10, 9-31.

Cacho, J.F., Youssef, M.A., Chescheir, G.M., e{(2018) Effects of forest-based bioenergy
feedstock production on shallow groundwater quality drained forest soil. Science of the

Total Environment631-632 13—22

Cayuela, M.L., Kuikman, P., Bakker, R., van GroemgJ.W., (2014). Tracking C and N
dynamics and stabilization in soil amended with atheesidue and its corresponding

bioethanol by-product: C/*°*N study. Global Change Biology Bioener@y499-508.

Cayuela, M.L., Oenema, O., Kuikmanw, P.J., Bakk&=XR., van Groenigen, J.W., (2010)
Bioenergy by-products as soil amendments? Imptioatifor carbon sequestration and

greenhouse gas emissions. Global Change Biologgrigigy,2, 201-213.

Chen, R., Senbayram, M., Lagodatsky, S. et al14P2&oil C and N availability determine
the priming effect: microbial N mining and stoichietric decomposition theories. Global

Change Biology20, 2356-2367.

25



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

De Vries, F. T., Caruso, T., (2016). Eating frora #ame plate? Reuvisiting the role of labile

carbon inputs in the soil food web. Soil BiologyB8ochemistry, 102, 4-9.

Debusk, W.F., Reddy, K.R., (2005). Litter Decompiosi and Nutrient Dynamics in a

Phosphorus Enriched Everglades Marsh. Biogeochemr&, 217-204.

Demirbas, A., (2001). Biomass resource facilitiesl diomass conversion processing for

fuels and chemicals. Energy Conversion and Managgd2 1357-1378.

Ghani, A., Dexter, M., Perrott, K.W., (2003). Hotter extractable carbon in soils: a
sensitive measurement for determining impacts ailigation, grazing and cultivation. Soll

Biology and Biochemistry35, 1231-1243.

Gregorich, E.G., Beareb, M.H., McKima, U.F., Skj¢ade, J.O., (2006). Chemical and
biological characteristics of physically uncompléxa@ganic matter. Soil Science Society of

America Journal70, 975-985.

Gubicza, K., Nieves, I.U., Sagues, W.J., Zsolt,3anmugam, K.T., Ingram, L.O., (2016).
Techno-economic analysis of ethanol production feugarcane bagasse using a liquefaction
plus simultaneous saccharification and co-fermenmtaprocess. Bioresource Technology,

208 42-48.

Haynes, R.J., Francis, G.S., (1993). Changes imolmal biomass C, soil carbohydrate
composition and aggregate stability induced by gnoof selected crop and forage species

under field conditions. European Journal of SoieBce,44, 665-675.

26



569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

Inglett, K.S., Inglett, P.W., Osborne, T.Z., Red#yR., (2011). Temperature sensitivity of
greenhouse gas production in wetland soils of iffe vegetation. Biogeochemistry08

77-90.

Johnson, J.M.F., Reicosky, D., Sharrat, &.al. (2004). Characterization of Soil Amended
with the By-Product of Corn Stover Fermentationil Science Society of America Journal,

68,139-147.

Johnson, J.M.F., Sharratt, B., Reicosky, D., Lioast M., (2007). Impact of high-lignin
fermentation by-product on soils with contrastinggamic carbon content. Soil Science

Society of America Journall, 1151-1159.

Kim, Y., Mosier, N.S., Hendrickson, R., et al. (8)0Composition of corn dry-grind ethanol

by-products: DDGS, wet cake, and thin stillage.resource Technolog99, 5165-5176.

Knicker, H., (2011). Solid state CPMAEC and N NMR spectroscopy in organic
geochemistry and how spin dynamics can either agtgaor improve spectra interpretation.

Organic Geochemistry2, 867-890.
Knoll, J.E., Anderson, W.F., Strickland, T.C., (201Low-input production of biomass from

Lal, R., (2004). Soil carbon sequestration impamts global climate change and food

security. Science304, 1623-1627.

Lal, R., (2005). World crop residues production amgblications of its use as a biofuel.

Environment InternationaBl, 575-584.

Lehmann, J., (2007). Bio-energy in the black. Heystin Ecology and the Environmet,

381-387.

27



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

Lehmann, J., Gaunt. J., Rondon, M., (2006). Bio-seguestration in terrestrial ecosystems—

a review. Mitigation and Adaptation Strategies®obal Changell, 403-427.

Lehmann, J., Rilling, M.C., Thies, J., MasielloAC.Hockaday, W.C., Crowley, D., (2011).

Biochar effects on soil biota—a review. Soil Biojagnd Biochemistry43, 1812—-1836.

Lin, Y., Munroe, P., Joseph, S., Henderson, S.|kdieski, A., (2012). Water extractable

organic carbon in untreated and chemical treatechiairs. Chemosphei&/, 151-157.

Liska, A.J., Yang, H., Milner, M., et al., (2018Biofuels from crop residue can reduce soil

carbon and increase G@missions. Nature Climate Change398-401.

Liu, X.Y., Ye, Y.X,, Liu, Y.M. et al. (2014) Sustaable biochar effects for low carbon crop
production: A 5-crop season field experiment oroa Fertility soil from Central China.

Agricultural Systems, 129, 22-29.

Normand, A.E., Smith, A.N., Clark, M.W., Long, J.RReddy, K.R., (2017). Chemical
Composition of Soil Organic Matter in a SubarcteaBand: Influence of Shifting Vegetation

Communities. Soil Science Society of America JoLBg 41-49.

O'Connor, D., Peng, Li, G., Wang, S., et al., (Q08lfur-modified rice husk biochar: A
green method for the remediation of mercury conmtamed soil. Science of the Total

Environment621 819-826.

Parton, W.J., Schimel, D.S., Cole, C.V. and OjinaS., (1987) Analysis of factors
controlling soil organic matter levels in Great iRtagrasslands. Soil Science Society of

America Journalb1, 1173-1179.

28



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

Patzek, T.W., (2007). A first-law thermodynamic lgses of the corn-ethanol cycle. Natural

Resources Researdth, 255-270.

perennial grasses in the Coastal Plain of Geotift#}. Bioenergy Research, 206—214.

Pinto, R., llileji, K., (2009). On the performanoé biobased carriers from distillers grains

with solubles (DDGS). ASABE Meeting presentatioap®r number 095675.

Quilliam, R.S., Marsden, K.A., Gertler, C. et &0012) Nutrient dynamics, microbial growth
and weed emergence in biochar amended soil angemded by time since application and

reapplication rate. Agriculture, Ecosystems andiinmwnent, 158, 192-199.

Reyes-Cabreraa, J. Ericksona, J.E. Leon, R.Gl, é€2Gl7). Converting bahiagrass pasture
land to elephantgrass bioenergy production enhabo@mass yield and water quality.

Agriculture Ecosystem & Environmeri248 20-28.

Rovira, P., Vallejo, V.R. (2002). Labile and recmbnt pools of carbon and nitrogen in
organic matter decomposing at different depths oil: san acid hydrolysis approach,

Geoderma, 107, 109-141.

Rutigliano, F.A., Romano, M., Marzaioli, R. et €2014) Effect of biochar addition on soil

microbial community in a wheat crop. European Jabof Soil Biology, 60, 9-15.

Saini, J.K., Saini, R., Tewari, L., (2015). Ligndasic agriculture wastes as biomass
feedstocks for second-generation bioethanol praaluctoncepts and recent developments.

Biotechnologyp, 337-353.

29



629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

Schmidt, M.W.1., Skjemstad, J.O., Jager, C., (200@)bon isotope geochemistry and nano-
morphology of soil black carbon: black chernozesuds in central Europe origi-nate from

ancient biomass burning. Global Biogeochemical €yt6, 1123.

Sihi, D., Inglett, P.W., Inglett, K.S., (2016). @an quality and nutrient status drive the
temperature sensitivity of organic matter decompwsi in subtropical peat soils.

Biogeochemistry131, 103-119.

Silveira, M.L., Comerford, N.B., Reddy, K.R., CoopeWN.T., El-Rifai, H., (2008).

Characterization of soil organic carbon pools hg &dydrolysis. Geodermd 44, 405-414

Sinsabaugh, R.L., Hill, B.H., Follstad Shah, J(2009). Ecoenzymatic stoichiometry of

microbial organic nutrient acquisition in soil asediment. Naturel62 795-798

Spaccini, R., Piccolo, A., Conte, P., Haberhauey,G&rzabek M.H., (2002). Increased soil
organic carbon sequestration through hydrophobateption by humic substances. Soill

Biology and Biochemistry34, 1839-1851.

Sun, Q., Meyer, W.S., Koerber, G. R., Marschney,(F015). Response of respiration and
nutrient availability to drying and rewetting inistrom a semi-arid woodland depends on

vegetation patch and a recent wildfiBeogeoscienced, 2, 5093-5101.

Vance, E.D., Brookes P.C., Jenkinson, D.S., (198 )extraction method for measuring soil

microbial biomass. Soil Biology and Biochemistty, 703-707.

Wang, J., Xiong, Z., Kuzyakov, Y., (2016). Biochstability in soil: meta-analysis of

decomposition and priming effects. GCB Bioene&)\p12-523

30



649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

Wang, J.J., Dodla, S.K., DeLaune, R.D., Hudnall[HWCook, R.L., (2011). Soil carbon

characteristics in two mississippi river deltaicretdand profiles. Wetland8]1, 157-166.

Wegner, B.R., Osborne, S.L., Lehman, R.M., Kumar, (3018). Seven-Year Impact of
Cover Crops on Soil Health When Corn Residue Is ®ea. BioEnergy Research], 239—

248.

Zhang, A.F., Bian, R.J., Pan, G.X. et al. (2012lifeds of biochar amendment on soll
quality, crop yield and greenhouse gas emissiam @hinese rice paddy: A field study of 2

consecutive rice growing cycles. Field Crops Redeak27, 153-160.

Zhang, A.F., Cui, L.Q., Pan, G.X. et al. (2010)€etf of biochar amendment on yield and
methane and nitrous oxide emissions from a ricedypaflom Tai Lake plain, China.

Agriculture, Ecosystems and Environment, 139, 469-4

Zhang, Y., Marschner, P., (2016) Drying and rewegttafter the first residue addition has
little effect on nutrient availability and microlbiactivity after the second residue addition.

European Journal of Soil Biologyy7, 68—76.

Zhao, B., O'Connor, D., Zhang. J., Peng, T., SkZen,Tsang, D.C.W., Hou, D., (2018).
Effect of pyrolysis temperature, heating rate, aesldence time on rapeseed stem derived

biochar. Journal of Cleaner Producti&i4, 977-987.

Zimmerman, A., (2010). Abiotic and microbial oxioat of laboratory-produced black

carbon (biochar). Environmental Science and Tedugyw#i4, 1295-1301.

31



668 Zimmerman, A., Gao, B., Ahn, M.Y., (2011). Positisad negative carbon mineralization
669 priming effects among a variety of biochar-amendeils. Soil Biology and Biochemistry,

670 43, 1169-1179.

32



671

672

673

674

675

676

677

678

679

680

681

682

683

684

Table captions

Table 1: Initial physico-chemical characteristi€soil and bioenergy by-products (biochar and

fermentation by-product)

Table 2. Soil physico-chemical characteristicerafiree annual applications of N or bioenergy

by-products

Table 3. Soil C fractions of a sequential ext@cprocedure including cold water extractable C
(CWCQ), hot water extractable C (HWC), acid hydralyie C (AEC) and residual C (RSC)

following three annual applications of N or bioagpeby-products.

Table 4.1*C Nuclear Magnetic Resonance functional groupscéerof total organic C and the
absolute value) of soil following three annual aggtions of N or bioenergy by-products. The

groups were assigned similarly as Knicker (2011

Table 5: Mean enzymatic activities normalized tib scrobial biomass C (mmol g-1 MBC h-1)
and specific enzyme activity in soil following tlerannual applications of N or bioenergy by-

products.
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Figure titles:

Figure 1: Comparison of solid staf®c NMR spectra of whole soil treated with bioenehyy
products (LN: Low N; LN+N: LN with extra fertilizel; LN+WC: Low N with fermentation by-

product; LN+BC: Low N with biochar)

Figure 2. Comparison of hydrophobicity index (Hhdaaromaticity of bioenergy by-products

amended soil (LN+FBP: Low N with fermentation byguct; LN+BC: Low N with biochar)

Figure 3: Rate of CQC production as a result of organic C mineral@atirom soil amended with N

fertilizer or bioenergyby-products [LN: Low N @&); LN+N: LN with extra fertilizer N ¢); LN+

FBP. Low N with fermentatiorby-product ®); LN+BC: Low N with biochar #)].

Figure 4: Labile C content of soil following threenual applications of N or bioenergy by-
products. LN: Low N; LN+N: LN with extra fertilizel; LN+WC: Low N with fermentation by-

product; LN+BC: Low N with biochar. Values withimeh labile C fractions with same letter are
statistically similar based on Tukey honest sigaifit difference test (p < 0.05). SEC: 05 M
K,SO4 extractable C; MBC: Soil microbial biomass &g £CC: cumulative CO2-C production

over 2 weeks incubation period.

Figure 5: Extracellular enzyme activity in soildted with N fertilizer or bioenergy by-products (
LN: Low N; LN+N: LN with extra fertilizer N; LN+ FB: Low N with fermentation by-product;
LN+BC: Low N with biochar). Values for each enzymégh same letter are statistically similar
based on Tukey honest significant difference test 0.05) BGA:B-Glucosidase activity; APA:
Acid phosphatase activity; LAP: Leucine Aminopepsd activity; NAG: N-acetyp-D-

glucosaminidase activity.
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Figure 6: Correlation biplots based on principamponent analysis (PCA) depicting the
relationship among the physicochemical and mictopr@perties of soil amended with N
fertilizer or bioenergy by-products [LN: Low NA(); LN+N: LN with extra fertilizer N ¢); LN+
FBP: Low N with fermentation by-produce);, LN+BC: Low N with biochar &)].The length of
the arrows indicates the significance for sampReintiation. For other soil characteristics

abbreviations refer ‘Materials and methods.’
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Table 1: Initial physico-chemical characteristi€soil and bioenergy by-products (biochar and fertagon by-product)

Properties Biochar Fermentation
by-product
pH (H0) 9.4 5.1
Bulk density (g cr) 0.4-0.6 -
Total C (g kg') 625 486
Total N (g kg') 5.3 40.2
C:N 118 12
Mehlich-1 P (mg k@) 1800 360
Moisture content (%) 5.6 1.5
Volatile (g kg") 264 888
Fixed C (g kg) 618 88

Ash (g kg") 118 24



Table 2. Soil physico-chemical characteristicerafiree annual applications of N or bioenergy bydpcts

Treatments pH LOI (g K9 SOC (g kg) SON (g kg") C:N

LN 6.7+0.1% 12.7+1.5 8.82+0.25 0.63+0.0%° 14+0.96
LN+N 6.9+0.18 15.9+1.8¢ 10.5+0.13¢ 0.52+0.02° 20+0.70
LN+ FBP 6.2+0.16 19.9+0.7 12.1+0.28 0.68+0.08 18+1.16
LN + BC 7.0+0.08 45.0+2.2 32.6+0.86 0.49+0.08 68+7.73

(LN: Low N; LN+N: LN with extra fertilizer N; LN+ BP: Low N with fermentation by-product; LN+BC: LoW with biochar; LOI:
Loss on ignition. Values within column followed bgme superscript letter are statistically sinbi@sed on Tukey honest significant

difference test (p < 0.05)).



7 Table 3. Solil C fractions of a sequential ext@cirocedure including cold water extractable C @whot water extractable C

8 (HWCQ), acid hydrolysable C (AEC) and residual C (R%ollowing three annual applications of N or bieegy by-products.
Fractions of C (g k9 CWC HWC AEC RSC
LN 0.07+0.0% 0.260.00 2.26x0.07 6.57+0.27
(0.8%) (2.8%) (24.7%) (71.7%)
LN+N 0.07+0.0% 0.22+0.02 2.13+0.08 8.33+0.18
(0.7%) (2.0%) (19.8%) (77.5%)
LN + FBP 0.15+0.0% 0.56+0.02 5.85+0.08 6.26+0.28
(1.2%) (4.4%) (45.6%) (48.8%)
LN + BC 0.06+0.08 0.07+0.02 2.05+0.18 30.51+0.93
(0.2%) (0.2%) (6.3%) (93.3%)
9 (Values in parenthesis indicate the individual fii@ts percentage of the total C. LN: Low N; LN+NN\ lwith extra fertilizer N; LN+

10 FBP: Low N with fermentation by-product; LN+BC: LaW with biochar. Values within each column followleg same superscript

11  letter are statistically similar based on Tukeydwsirsignificant difference test (p < 0.05).
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Table 4.°C Nuclear Magnetic Resonance functional groupscgrerof total organic C and the absolute valueaiiffollowing three
annual applications of N or bioenergy by-produ¢tse groups were assigned similarly as Knicker (2011

alkyl O-alkyl aryl carboxyl | total |Total G
Chemical shift region (ppm) (9 kg")
0-45 45-60 60-90 90-110 110-140 140-165 165-+220-0220
Sample Treatmert Aliphatic C, Methoxyl C-O of Anomeric| aromatic-| Lignins, [Carboxyl-C
T etne | COCH) | i Ciiosd | aromaic| Aomate, €
cellulose lignins athers amidic
(-CHgs, -CHp) C-1 groups,
LN (%) 100 ND ND ND ND ND ND 100 8.8
HN (%) 86.0 ND 14.0 ND ND ND ND 1000 10.1
LN+FBP (%) 24.9 10.9 33.0 10.9 12.9 5.9 1.4 100 11p.
LN+BC (%) 40.7 6.5 13.9 6.4 21.1 6.2 5.2 100 32.6

(LN: Low N; LN+N: LN with extra fertilizer N; LN+ FB: Low N with fermentation by-product; LN+BC: Low \ith biochar. No
NMR spectroscopy signal was detectable for thegassl groups)



Table 5: Mean enzymatic activities normalized tib sicrobial biomass C (mmolgMBC h?) and specific enzyme activity in soil

following three annual applications of N or bioameby-products.

BGA: MBC LAP: MBC NAG: MBC AP: MBC C:N enzyme C:P enzyme LAP: NAG
activity ratio activity ratio
BGA:(NAG+LAP) BGA: AP
LN 98+1° 144+8° 128+27° 252+2¢ 0.37+0.04 0.40+0.08 1.23+0.28
LN+N 693 157+43° 185456 239+38 0.23+0.07 0.31+0.06 0.97+0.27
LN+ FBP 812+48 252+34 211426 375+37 1.80+0.23 2.20+0.23 1.21+0.13
LN+BC 26+7 103+1¢ 28+5 99+8 0.20+0.08 0.27+0.08 3.79+0.5%

(LN: Low N; LN+N: LN with extra fertilizer N; LN+H-BP: Low N with fermentation by-product; LN+BC: LaW/ with biochar.
MBC: microbial biomass C; BGA3-Glucosidase activity; AP: Acid phosphatase agtjMitAP: Leucine Aminopeptidase activity;
NAG: N-acetyl$-D-glucosaminidase activity. Values within eachuroh followed by same letter are statistically santbased on

Tukey honest significant difference test (p < 0)05)
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