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Abstract

Direct emissions from commercial-scale composting are uncertain. We used micrometeorological
methods to continuously measure greenhouse gas (CO,, CHy, N,O) emissions from full composting
of green waste and manure. We measured oxygen (O,), moisture, and temperature continuously
inside the composting pile, and analyzed chemical and physical characteristics of the feedstock weekly
as potential drivers of emissions. Temperature, moisture, and O, all varied significantly by week.
Feedstock porosity, C:N, and potential N mineralization all declined significantly over time. Potential
net nitrification remained near zero throughout. CH, and CO, fluxes, indicators of feedstock lability,
were variable, and most emissions (75% and 50% respectively) occurred during the first three weeks of
composting. Total CH, emitted was 1.7 & 0.32 g CH, kg~ ' feedstock, near the median literature value

using different approaches (1.4 g CH, kg "). N,O concentrations remained below the instrument
detection. Oxygen, moisture and temperature exhibited threshold effects on CH, emissions. Net
lifecycle emissions were negative (—690 g CO,-e kg™ '), however, after considering avoided emissions
and sinks. Managing composting piles to minimize methanogenesis—by maintaining sufficient O,
concentrations, and focusing on the first three weeks—could reduce emissions, contributing to the

climate change mitigation benefit of composting.

Introduction

Organic waste in landfills and manure slurries is a large
source of greenhouse gas emissions globally [1, 2].
Manure alone accounts for 10% of global agricultural
emissions [2]. Diverting organic waste to composting
may lower greenhouse gas emissions, but there is
uncertainty regarding emissions from the composting
process. Composting, the aerobic degradation of
organic matter mediated by microbes, is used to
manage wastes and recycle nutrients into the soil [3].
Under aerobic conditions, organic waste is converted
to stable material; microbial respiration emits mostly
carbon dioxide (CO,) and N mineralization predomi-
nantly produces ammonium (NH;). Compost piles
often have pockets of anaerobiosis, and even well-
managed composting emits methane (CH,) and

nitrous oxide (N,O) [1], greenhouse gases that trap 34
and 298 times more heat than CO,, over 100 years [4].
Aerobic composting follows four phases. In the
first mesophilic (25 °C—40 °C) stage, primary decom-
posers break down easily degradable material, releasing
CO, and heat. High redox potentials allow for the pre-
sence of nitrifying and denitrifying bacteria, potentially
emitting N,O [5]. The thermophilic (40 °C-65 °C)
stage features increasing microbial activity and tem-
peratures, which can favor oxygen (O,) consumption
and methanogenesis [5]. The second mesophilic stage
begins as easily degradable material is consumed, and
thermophilic activity and compost temperature
decrease. During maturation, bacterial numbers
decline and fungal populations increase as easily degra-
ded material is exhausted. Recalcitrant material dom-
inates and temperature declines to ambient levels [6].

©2019 The Author(s). Published by IOP Publishing Ltd
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Emissions from composting at a commercial scale
are not well characterized. Of the studies that have
measured emissions from composting e.g. [7—10], few
measured continuously, few measured at field scale
[10] and estimates of total emissions vary widely (table
S1 is available online at stacks.iop.org/ERL/14/
124027 /mmedia). One reason composting emissions
are poorly constrained is that effective measurement
requires technologically advanced instrumentation
due to the scale and heterogeneity of compost piles.
Methods used to measure greenhouse gases from
composting include micrometerological (e.g. eddy
covariance, mass balance) [11] and non-micro-
meterological techniques (e.g. static chambers).
Chamber techniques measure at small scales (<1 m)
and introduce sources of bias, including altering pres-
sure and concentration gradients, physically disturb-
ing the source, leakage, difficulty in capturing spatial
and temporal variation, and potential for significant
human error [9, 12, 13]. Enclosing the emitting source
[7] facilitates emission measurement, but introduces
artifacts from altering ambient conditions and degra-
dation dynamics.

Micrometeorological methods use physical, che-
mical, and engineering principles to estimate green-
house gas fluxes by continuously measuring gas
concentrations and wind dynamics. The micro-
meteorological mass balance (MMB) approach mea-
sures gas concentrations going into and coming out of
a control volume surrounding an emitting source. The
source’s emission rate is calculated by subtracting the
input from the output flux [11].

Three previous studies [7, 8, 12] used micro-
meteorological approaches to measure emissions
from composting, though none measured fluxes from
a commercial process, nor from composting manure
with green waste. These studies provided a basis upon
which the methodology was developed. Amlinger et al
(2008) used a large chamber enclosing a compost
windrow and measured gas concentrations at the
inflows and outflows. This approach captured emis-
sions, though covering the pile may have altered gas
fluxes by increasing temperature and moisture, and
affecting the concentration gradient from the source
to the atmosphere. Sommer et al (2004) and Kent
(2010) used a MMB approach. Sommer (2004) mea-
sured concentrations of gases upstream and down-
stream of a circular manure pile, not the windrow
formation typical of commercial composting opera-
tions, and Kent (2010) analyzed emissions from green
waste composting in windrows, but the study encoun-
tered instrumentation malfunctions, and was short in
duration (5 weeks).

Understanding how environmental variables
influence greenhouse gas fluxes is critical for model-
ing, extrapolating results, and developing strategies to
reduce emissions. Though composting is mostly aero-
bic, the heterogeneity of the feedstock, temperature
and moisture, microbial activity, and the pile structure
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can create variable redox conditions. In the absence of
oxygen (O,), a succession of microbes converts carbo-
hydrates in the organic waste to CO, and CH, [14]. O,
availability is affected by feedstock porosity [7, 15],
turning frequency [5], and pile size. Once CH, is pro-
duced, it may be emitted to the atmosphere or oxi-
dized to CO, within the pile. The balance between
CH, production and oxidation is likely controlled by
redox potential [16] and is affected by temperature
and moisture, which control O, solubility and biologi-
cal activity [17, 18].

Nitrification, the conversion of NHJ to NO5, and
denitrification, the conversion of NOj3 to nitrogen gas
(N, and N,0), are the major pathways leading to N,O
production and consumption [19]. Net emission of
N,O is dependent on the controls on both processes.
The production of NOj during composting poses a
potential water eutrophication threat. Nitrification is
regulated by NHJ supply, pH, and redox potential;
denitrification is dependent on NOj supply, C avail-
ability, and redox. N,O fluxes are expected to increase
as the C:N ratio of organic matter decreases, as the N
availability increases [20] and as O, concentrations
decline [19].

This study is the first to continuously measure
greenhouse gas emissions from the commercial-scale
composting of manure and green waste. Three ques-
tions guided our research: (1) how do environmental
and biogeochemical characteristics vary during com-
posting?; (2) what are the whole-pile emissions of CO,,
CH,, and N,0, and how are they related to environ-
mental and biogeochemical variables?; and (3) what
are the net lifecycle greenhouse gas emissions from
composting green waste and manure? We used field
experiments, laboratory assays, and lifecycle modeling
to answer these questions.

Methods

Site description and experimental set-up

The experiment was conducted at the West Marin
Composting Facility in Nicasio, California, from
February through September 2016. A windrow pile
(I5m X 2m X 4m) comprised of manure (mostly
cattle, with goat, horse, chicken) and yard waste
(branches, leaves, grass) was composted. The starting
pile was 55% manure by volume and 91% manure by
mass. The pile was managed as a commercially-
produced compost pile: with weekly turning using a
large-scale mechanical windrow turner (Scarab 18),
periodic watering, and a 98 d duration.

Sensor system and laboratory analyses

Conditions inside the piles were monitored continu-
ously using 27 automated sensors. Nine O, (Apogee
SO-110), temperature (Campbell 107), and moisture
(Campbell CS616) sensors each were placed in three
transects along the length of the pile, at three heights

2


http://stacks.iop.org/ERL/14/124027/mmedia
http://stacks.iop.org/ERL/14/124027/mmedia

10P Publishing

Environ. Res. Lett. 14 (2019) 124027

(0.50 m, 1 m, 1.5 m), in the center of the pile (figures
S1-2). Sensors were removed briefly for weekly pile
turning (<60 min). Compost grab samples were
collected weekly into 1 gallon Ziploc bags from three
heights (0.5 m, 1 m, 1.5 m—at 2 m horizontal depth)
before and after pile turning (n = 6). Samples were
analyzed for gravimetric moisture content by weighing
10 g samples before and after drying at 105° C for 24 h.
Compost pH was measured by suspending 3 g of
sample in 12 g of water [21]. We estimated porosity by
weighing a mason jar with a volume of 100 ml of
collected compost, adding 100 ml distilled water, and
re-weighing to determine the volume of the pore space
[22] (n = 5 per sample). Note that collecting samples
for porosity may result in disturbance to the sample
and thus not represent exact in situ conditions.
Potential net N mineralization and nitrification were
determined using dark laboratory incubations; 3.5 ¢
compost samples were extracted before and after
incubation (7 d) in 75ml of 2M KCIl (n = 3 per
sample) [23]. Total C and N were measured on air-
dried, sieved (2 mm) and ground samples using an
elemental analyzer (Carlo Erba Elantech, Lakewood,
NJ, USA).

MMB method

The pile was outfitted with a greenhouse gas and wind
measurement system. Four gas towers (figure S2, A—
D) were placed at cardinal directions along each edge
of the windrow, 1 m from the pile edge; each of these
towers held four gas intakes (heights of 0.25, 1, 2, and
3.5 m). Air samples were continuously drawn through
16 Teflon tubes, delivering gas samples to a G2308
cavity ring down laser spectrometer (Picarro, Santa
Clara, CA), which measured real-time CO,, N,O and
CH, concentrations. The instrument was calibrated
using a three-point calibration curve, using zero (pure
N, gas), intermediate (304 ppm CO,, 0.513 ppm N, O,
1.05 ppm CH,), and high (1000 ppm CO,, 10 ppm
N,O, 10ppm CH,) standard concentrations. The
instrument sensitivity is high for CH, and N,O (raw
precision <10 ppb and <25 ppb, respectively), but low
for CO, (<20 ppm). While one intake port delivered
gases to the greenhouse gas analyzer (1 min per
intake), the other 15 lines were flushed with ambi-
ent air.

Two wind towers on the NW and SE corners of the
windrow held four 3D sonic anemometers (Gill Wind-
master Pro) each, at four heights (0.25m, 1 m, 2 m,
3.5 m), measuring wind speed and direction at 0.1 Hz.
The high frequency wind and gas concentration data
were combined to measure greenhouse gas concentra-
tions upwind and downwind of the pile, and calculate
the flux of CO,, CH, and N,O from composting, using
MMB [11, 24]. The flux (g m s ") from the source
was approximated:
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Flux = % L/(;QO ﬁz(Ez,d - Ez,u) dz, (D

where L (m) is the fetch (horizontal distance that air
travels over the source), i, represents mean horizontal
wind speed at height z (m s, and ¢, q4and ¢, , are the
mean gas concentrations (gm ) at height z down-
wind and upwind of the source. The flux describes the
mass of trace gas emitted per unit time, per cross-
sectional area of the source (the windrow pile).

Statistical analyses and emissions calculations
Statistical analyses were performed using the open-
source statistical software ‘R.” Sensor readings were
logged every half hour for the duration of the experi-
ment. Two-way, repeated measures ANOVA was used
to test the null hypotheses that sensor values did not
change by week or position (top, middle, or bottom
of pile), and to test variability of weekly physical
and chemical properties of the composting material
(pH, porosity, N mineralization, nitrification, C:N,
moisture).

Wind speed and direction, and gas concentrations
were averaged in 8 min blocks, and fluxes were calcu-
lated using equation (1), after screening for wind
direction. An angle allowance of 30 degrees was used
to determine upwind and downwind towers for each
time block [9]. Relationships between CH, fluxes and
environmental variables (temperature, moisture, and
0,) were examined using breakpoint analyses (R pack-
age ‘strucchange’). The number of breakpoints (1, 2 or
3) with the lowest Bayesian Information Criterion
(BIC) was selected; breakpoint significance was deter-
mined using a structural change test [25].

Emissions factors were estimated by calculating
the area under the mean daily flux curves, for each
greenhouse gas, using the R package ‘pracma’; we mul-
tiplied this integral (g m?) by the pile volume (m>)
divided by the fetch (m) to estimate the total emis-
sions. For CO, fluxes, we additionally perform a mass
balance on C, using laboratory analyses of C content in
the composting material over the course of the experi-
ment. We compared our emissions factors to those in
the literature, by performing a meta-analysis of pub-
lished studies that measured greenhouse gas emissions
from composting.

To estimate net emissions from composting, we
created a lifecycle model, using a functional unit of
1 kg of waste (91% manure, 9% green waste by mass)
over one year, employing a system boundary begin-
ning at waste generation, and ending at its final appli-
cation (land or landfill; figure S3). We simplified the
model by including only major contributors to green-
house gas emissions from waste management: avoided
emissions, waste processing, and carbon sequestration
from land application [26, 27]. To estimate avoided
emissions, we assumed that manure would otherwise
be managed in an anaerobic lagoon, a common prac-
tice in California [2], and yard waste would be used as
alternate daily cover in a landfill [28]; emissions values
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Figure 1. Smoothed daily mean (a) temperature (°C), (b) moisture (%), and (c) O, (%) (& standard error shown in grey) during
composting. Pile turning occurred approximately weekly (vertical lines signify turning events); watering events occurred on days 29,
50,57, 64,71,and 78. Solid (red) line = bottom, dashed (green) line = middle, dotted (blue) line = top.

were taken from Owen and Silver (2015) [2] (manure),
and EPA’s WARM model (yard waste) [29]. Carbon
sequestered from compost application are from Ryals
et al (2013) [30]. We assumed that 1 kg wet waste pro-
duced 0.5 kg compost.

Results and discussion

Environmental conditions: temperature, moisture,
and oxygen

Temperature varied over time and by position in the
compost pile, and followed a pattern consistent with
microbial degradation of organic feedstocks [31]. Tem-
peratures rose rapidly initially, then decreased as easily-
decomposed substrates were consumed (figure 1(a)).
Within that pattern was a weekly oscillation, corresp-
onding to turning events: temperature rose steeply
following turning, then declined. The lowest tempera-
tures occurred at the start (day 0), and the highest daily
mean temperatures were reached on day 8 (74 £ 0.2,
71 + 0.2, 68 £ 0.1 °C, for top, middle and bottom

positions). Temperature varied significantly between
weeks (p < 0.05) but not by position in the pile (table
S2). Variability of temperature over time is well
established in the literature [6, 32]; the composting
process is understood as a series of discrete sub-
processes (e.g. mesophilic, thermophilic) due to the
discontinuity of shifts in temperature and in microbial
communities [33]. Variability by location in the pile was
observed in another study [34], but was not observed
here, possibly due to the high relative lability of manure.

Moisture affects the composting rate and end-pro-
duct characteristics. Model estimates and field data
suggest that wet-weight moisture contents around 50%
are best for O, diffusion, water potential, and microbial
growth rates during composting [35]. Moisture in the
pile varied in response to water consumption and
evaporation, and were controlled to keep conditions
favorable for decomposition (figure 1(b)). Daily mean
moisture varied between 36% =+ 0.01% and 56% =+
0.04%. All positions showed moisture increases with
pile turning and watering (figure 1(b)). Moisture
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differed significantly between weeks (p < 0.001), but
not by position (table S2).

Oxygen concentrations affect microbial activity,
nutrient mineralization, and greenhouse gas dynamics
during composting [36]. In this experiment, O, con-
centrations followed an oscillating pattern, with the
lowest daily mean values occurring near the beginning
and end of the experiment, and highest daily means
occurring in the middle (figure 1(c)). Similar patterns
have been measured in composting bioreactors [36],
while field scale data are highly variable and dependent
upon feedstock and management [37]. Daily mean O,
concentrations ranged from 0.95% to 15% over the
98 d study. The lowest daily mean values were 1.6 +
0.06% (day 65), 2.3 & 0.09% (day 87), and 0.95 +
0.37% (day 0), and the highest daily mean values were
15 + 0.29% (day 19), 15 & 0.09% (day 48), and
14 £ 0.09% (day 34), for the bottom, middle and
top positions. O, level varied significantly by week
(p < 0.05), and by the interaction between week and
position (p < 0.05) (table S2). Estimated weekly mean
O, consumption rates ranged from 5.3 £ 0.002 mg
0, m *s ' (week 1) to 0.39 + 0.00003mg O,
m s ! (week 13). Declining O, consumption is con-
sistent with slower microbial decomposition, and
declining availability of labile material.

Biogeochemical characteristics

The average pH values of the composting material
ranged from 7.6 £ 0.07 to 9.3 &£ 0.01. pH can be an
important predictor of N mineralization rates and
denitrification potential. However, N mineralization
tends to be most sensitive at pH 7 or lower [38, 39].
pH values did not vary significantly by position, week,
or whether samples were taken pre- or post-mixing
(table S3a). Porosity varied between 0.59 + 0.02
and 0.84 + 0.01, and varied significantly by week
(p < 0.001), position (p < 0.001), and the interaction
between week and position (p < 0.05) (table S3b).
Porosity provides an index of physical limitations on
O, diffusion [40, 41]; its value varied over space and
time, reflecting feedstock heterogeneity.

The C:N ratio of composting material is an indi-
cator of microbial degradability and the maturity of
the composting process [6], and may predict CO, and
N,O emissions [20, 42]. The C:N ratio declined
throughout the experiment, mostly due to lowering C
concentrations. This decline is consistent with a well-
functioning composting process [6]. The C:N ratio
varied significantly by week (p < 0.001), and by the
interaction between position and state of mixing (pre-
or post-mixing) (p < 0.05) (table S4). The feedstock
had initial an C:N of 26 £ 0.7 for all positions, con-
sistent with best management practices (25-30) [6],
and final values near 20 (21 £ 0.7, 21 4+ 0.6, and
19 £ 0.6, for the bottom, middle, and top). Microbes
preferentially utilize available forms of C in feedstocks,
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and emit CO, (as they metabolize aerobically), or CO,
and CH, (anaerobic decomposition) [6].

Potential net nitrification remained near zero
throughout the experiment (table S5). Daily mean
values ranged between —0.20 £+ 0.06 and 0.02 +
0.01mgN g ' compost, and weekly means varied
from —0.14 £ 0.04 to 0.01 + 0.06 mgN g~ . Poten-
tial net nitrification varied significantly with the inter-
action between position and week, with higher net
NOj consumption in the top position during the sec-
ond half of the experiment (p < 0.05). The low rates
of nitrification measured are consistent with high
temperature inhibition of nitrification [43, 44].

Potential N mineralization values also bracketed
zero, with daily means ranging from —0.15 =+ 0.06 to
0.34 + 0.02mgN g ' compost, and weekly means
varying from —0.11 + 0.04 and 0.22 4+ 0.08 mgN g '
compost. Mineralization declined throughout the
experiment; values differed significantly by week (p <
0.05) (table S5). The highest compost N mineralization
rates tend to occur during the thermophilic phase
[43,44].

Greenhouse gas emissions

Methane fluxes varied over time, with most emissions
occurring over short periods early in the composting
process. Daily mean CH, fluxes ranged from 17 ug
CH, m ?s™' to 4.4mg CH, m s~ '. The highest
CH, emissions occurred during the first three weeks of
composting, during which 75% of total CH, was
emitted. Half of the total CH, emissions occurred in
the first 10 d, and 36% occurred in the first week
(figure 2(a)). Most fluxes measured were small, with
few days contributing the majority of CH, emissions.
Integrating the daily mean flux curve, the total CH,
emitted was 1.7 + 0.32 g CH, kg~ ' wet feedstock”.
This emission factor falls between the median (1.4 g
CH, kgfl), and mean (2.2g CH, kgfl) literature
values found for windrow composting (figure 3,
table S1).

Carbon dioxide fluxes were also variable. Daily
mean CO, fluxes ranged over two orders of magnitude
(0.3-30 mg CO, m 2 s 1) and were an indicator of the
C lability of the feedstock. Similar to CH,, most CO,
emissions occurred early, with almost 50% emitted in
the first three weeks (figure 2).

Because CO, emissions from biological systems
are considered to rapidly cycle, these biogenic emis-
sions are usually considered to have no net global
warming effect [26, 45-48]. Due to a low sensitivity of
the analyzer to CO,, the net CO, fluxes measured
(19 4 3.7 gCO, kg™ ' wet feedstock’) likely present an
underestimation of this flux. Utilizing laboratory mea-
surements of C content of the composting material
over the course of the experiment to perform a C bal-
ance on the composting system, we found an upper

239+0.74gCH, kg dry.
Pha+86 gCO, kg ' dry.
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Figure 2. (a) Daily mean methane fluxes (+-standard error) (above), and cumulative methane emissions (below), over the composting
period. (b) Daily mean CO, fluxes (+standard error) (above), and cumulative CO, emissions (below), over the composting period.
Instrument detection limits, and thus error, were higher for CO, than for CH,, leading to greater uncertainty in flux measurements.

CH, emission factor (g CHzkg™")
[}

w

@
0
ASP Estimates In-Vessel Lab Windrow

Compost Process

Figure 3. Meta-analysis of literature methane emission factors (g CH, kg~ ' wet feedstock) from composting, Values from this study
are superimposed in larger red circles (experimental [1.7 £ 0.32 g CH,4 kg71 wet] and pilot[0.79 £ 0.21 gCH, kg71 wet] piles). ‘ASP’
are aerated static piles; ‘Estimates’ are not directly measured values; ‘In-vessel’ are closed systems; ‘lab’ are lab studies; ‘windrow” are
windrow composting systems. Where conversions were needed, a GWP of 34 was used for CH; this value reflects a 100-year GWP,

including climate-carbon feedbacks [4].

limit on these emissions to be 100 g CO, kg~ '. The
upper and lower estimates are within the range of the
CO, emissions factors found in the literature, as is the
high proportion of C loss via CO, versus CH, (96% to
4% for the upper emissions factor in this study; other
studies found even higher proportions lost as CO,)
[49, 50]. From a greenhouse gas mitigation perspec-
tive, it is preferable that the C emitted from compost-
ing be emitted as CO, rather than as CH,.

Nitrous oxide (N,O) concentration differences
remained below the instrument detection limit (25
ppb + 0.05%), likely reflecting an inability to detect a
small signal using micrometeorological methods. The
equivalent fluxes of this detection limit (45 ug m2sh
were lower than those observed in the literature (table
S1; figure S4). Low emissions may be explained by the
high C:N measured, above the threshold (25:1) asso-
ciated with N,O emissions [20] for the first four weeks
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(and remaining above 20 throughout), during which
decomposition is occurring most rapidly. Additionally,
as NOj isa precursor to N,O, the low NO; concentra-
tions and nitrification rates measured throughout sup-
port the lack of N,O production. Periodic anaerobic
conditions and high temperatures likely inhibited
nitrification.

Methane was the major contributor to non-bio-
genic greenhouse gas emissions from composting, and
the majority of that CH, was emitted early in the com-
posting process. The timing of emissions suggests that
efforts to further decrease direct emissions from com-
posting should focus on increasing O, availability in
the early stages, when decomposition and C fluxes (as
CH, and CO,) are at their highest.

We identified 17 studies with 53 estimates of total
emissions (emissions factors) from composting
[5, 7, 10, 36, 49-61]; the studies spanned different
composting processes and methods for emission mea-
surement, feedstocks, and time scales (figure 3; table
S1). Most studies used static chamber measurements,
which yield periodic measurements of greenhouse gas
concentrations at the surface of the composting pile.
In the spatially heterogeneous and dynamic compost-
ing pile, using static chambers can underestimate
fluxes. The measurements reported in the literature
varied in duration, from 21 to 150 d. Most studies
measured the composting of food and/or green waste;
three studies [50, 52, 58] considered manure. The cur-
rent study used methods to continuously measure
whole-pile emissions, exceeded 90 d in duration, and
used a high-emitting feedstock (manure); thus, we
would expect emissions measured to exceed most of
those in the literature. That the resulting emissions
factor is near the literature’s median value suggests
that management may play a larger role than feedstock
in predicting greenhouse gas fluxes.

Emissions patterns and environmental variables
Environmental variables in the composting pile—O,,
moisture, and temperature—exhibited threshold
effects on CH, emissions (figures S5-S7). The break-
points (thresholds) for CH, emissions occurred at O,
concentrations of 3.3%, 5.7%, and 6.0% (p < 0.005);
these represent O, levels where the modeled relation-
ship between O, and CH, change [25], with higher
emissions occurring below, and lower emissions
occurring above those thresholds (figure S5).

In low oxygen environments, CH, emission is
controlled by the balance between methanogenesis
and methane oxidation. Methanogenesis is favored at
low O, concentrations. Methane oxidation rates vary
as a function of CH, production, O,, moisture, pH,
temperature [62—67], and feedstock chemistry [15, 68]
and are limited by diffusive transport [62]. While por-
osity, a physical control on O, diffusion into the pile,
declined over time in our experiment, so did CH,
emissions, suggesting that other factors, including

P  Letters

declining temperatures and C availability, played a lar-
ger role in controlling emissions than did constraints
on O, diffusion. As expected, we observed the highest
CH, emissions at lower O, concentrations, coupled
with higher moisture, temperatures, and C:N.

Methane fluxes were found to increase more
rapidly with temperatures above 65° C (p < 0.1)
(figure S6). The moisture threshold was found to be
55% (p < 0.0001); CH, emissions increased more
rapidly with moisture as levels exceeded 55% (figure
S7). Moisture between 40% and 60% is recommended
for composting [6]; higher levels limit O, diffusion
into the pile [62], while lower levels preclude microbial
activity. The patterns of greenhouse gas emissions
from composting can also be sensitive to key biogeo-
chemical characteristics, particularly the relative avail-
ability of C and N in the decomposing feedstock.
However, here we found no clear predictive (linear or
polynomial) relationships between CH, emissions and
other chemical or physical characteristics.

Carbon concentrations play an important role in
understanding the emissions patterns; the biggest
fluxes occur early in composting, and a dispropor-
tionate fraction of total emissions occur during the
first three weeks, when the feedstock is fresh, and the
organic C and N are likely more available to microbes.
As composting progresses, the greenhouse gas fluxes
decrease as the C and N become more complexed.
During the beginning weeks of composting, as micro-
bial degradation speeds up, temperatures and O, con-
sumption were at their highest; these conditions favor
methanogenesis.

Consideration of the larger lifecycle emissions

Total direct greenhouse gas emissions from compost-
ing were 57g CO,-e kg~' (75-150g CO,-e kg ™'
including biogenic CO,). Direct emissions are one
important, and the most uncertain, element of the
lifecycle greenhouse gas emissions from composting.
Two other major C fluxes include the avoided
emissions—emissions that would have occurred
under ‘business as usual’ waste management—and
enhanced C sequestration from land application of
compost. Using a system boundary that includes these
three processes (figure S3), avoided emissions from
the landfill (for green waste) and anaerobic lagoons
(for manure) outweigh the direct emissions from
composting (table 1). The net lifecycle emissions from
composting manure and green waste and applying the
compost to grasslands are negative (—690 g CO,-e kg '
excluding biogenic CO,; between —590 and —670 g
CO,-¢ kg ! including the directly measured biogenic
CO, fluxes)*, meaning that emissions are avoided on net.
If all of California’s dairy manure that is currently
managed via anaerobic lagoon (7.4 MMT yr— 1 [69] were
instead composted, approximately SMMT CO,-e yr '

* 16 kg CO,-e kg ' dry (—1.4 to —1.5 CO,-e kg ' dry including
biogenic CO,).
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Table 1. Net lifecycle greenhouse gas emissions from
composting green waste and manure, g CO,-ekg ™' feedstock
(wet). Net emissions are a sum of direct emissions, C
sequestered, and a weighted sum of avoided emissions from
anaerobic lagoons (for manure, 91% of mass) and landfills
(for green waste, 9% of mass).

Emission source Value

Total direct emissions (no biogenic CO,) +5.6E + 01
Avoided, anaerobic lagoon (manure) —8.1E + 02
Avoided, landfill (green waste) —3.3E + 01
Carbon sequestered from land application —2.8E — 01
Net emissions —6.9E + 02

would be avoided; this is equivalent to 15% of California’s
agricultural greenhouse gas emissions.

The biggest greenhouse gas benefit from compost-
ing is the elimination of anaerobic storage. Emissions
avoided from anaerobic storage were greater than the
direct emissions from composting. Though annual C
sequestration from compost application is smaller in
magnitude than direct and avoided emissions, its
effects are potentially long-lasting. Avoided and direct
emissions are a one-time phenomenon, while
increased C sequestration from a single compost
application can persist for several years [70]. Thus,
while we modeled net C implications over one year
(table 1), a longer time frame would increase the rela-
tive benefits of compost application.

Our results highlight the potential to effectively
measure and minimize greenhouse gas emissions
from commercial-scale composting. Managing com-
posting piles to minimize methanogenesis—by main-
taining sufficient O, concentrations through aeration
and bulking, and focusing on the first three weeks of
decomposition when temperatures and decomposi-
tion rates are high—could potentially reduce direct
greenhouse gas emissions. Low emissions from com-
posting contribute to the climate change mitigation
benefit of diverting high-emitting waste streams to
compost and land applying for C sequestration.

Acknowledgments

In addition to the funding sources, the authors would
also like to especially thank John Wick, Tyler Anthony,
Heather Dang, Summer Ahmed, and Joseph Verfaillie
for their support of this work, as well as Picarro
Instruments, Gill Instruments, and NovaLynx Cor-
poration. We would also like to thank the three
anonymous reviewers for their thoughtful and valu-
able feedback.

Data availability statement

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

P  Letters

Author contributions

The manuscript was written through contributions of
both authors. Both authors have given approval to the
final version of the manuscript.

Funding sources

This work was supported by funding from California’s
4th Climate Change Assessment, through the Berkeley
Energy and Climate Initiative, and the Rathmann
Family Foundation. Additional support was provided
to WLS from the 11th Hour Foundation.

ORCIDiDs

Sintana E Vergara
1322-7568

https://orcid.org/0000-0002-

References

[1] Bogner ], Abdelrafie Ahmed M, Diaz C, Faaij A, Gao Q,
Hashimoto S, Mareckova K, Pipatti R and Zhang T 2007 Waste
Management. In Climate Change 2007: Mitigation.
Contribution of Working Group III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change
(Cambridge and New York, NY: Cambridge University Press)

[2] Owen]Jand Silver WL 2015 Greenhouse gas emissions from
dairy manure management: a review of field-based studies
Glob. Change Biol. 21 550—65

[3] King FH 1911 Farmers of Forty Centuries; or, Permanent
Agriculture in China, Korea and Japan (Madison, WI: F H King)

[4] Myhre G et al 2013 Anthropogenic and natural radiative

forcing Climate Change 2013: The Physical Science Basis.

Contribution of Working Group I to the Fifth Assessment Report

of the Intergovernmental Panel on Climate Change (Cambridge

and New York, NY: Cambridge University Press) pp 659—740

Hellmann B, Zelles L, Palojarvi A and Bai Q 1997 Emission of

climate-relevant trace gases and succession of microbial

communities during open-windrow composting Appl.

Environ. Microbiol. 63 1011-8

Diaz L F and Savage G M 2007 Factors that affect the process

Compost Science and Technology (Waste Management Series) ed

L F Diaz et al vol 8 (Amsterdam: Elsevier) pp 49-65

[7] Amlinger F, Peyr S and Cuhls C 2008 Green house gas
emissions from composting and mechanical biological
treatment Waste Manage. Res. 26 47-60

[8] Sommer S G, McGinn S M, Hao X and Larney F ] 2004

Techniques for measuring gas emissions from a composting

stockpile of cattle manure Atmos. Environ. 38 4643-52

Wagner-Riddle C, Park K-H and Thurtell G W 2006 A

micrometeorological mass balance approach for greenhouse

gas flux measurements from stored animal manure Agric. For.
Meteorol. 136 175-87
[10] Zhu-Barker X, Bailey SK, Paw UK T, Burger M and
Horwath W R 2017 Greenhouse gas emissions from green
waste composting windrow Waste Manage. 59 70-9

[11] Harper L A, Denmead O T and Flesch TK 2011
Micrometeorological techniques for measurement of enteric
greenhouse gas emissions Animal Feed Sci. Technol. 166—167
227-39

[12] KentE 2010 Micrometeorological measurements of GHG
emissions from composting yard waste Master’s Thesis
University of California Davis

[13] Chapuis-Lardy L, Wrage N, Metay A, Chotte J-L and
Bernoux M 2007 Soils, a sink for N,O? A review Glob. Change
Biol. 131-17

[5

—

[6

—_

[9

—



https://orcid.org/0000-0002-1322-7568
https://orcid.org/0000-0002-1322-7568
https://orcid.org/0000-0002-1322-7568
https://orcid.org/0000-0002-1322-7568
https://orcid.org/0000-0002-1322-7568
https://doi.org/10.1111/gcb.12687
https://doi.org/10.1111/gcb.12687
https://doi.org/10.1111/gcb.12687
https://doi.org/10.1177/0734242X07088432
https://doi.org/10.1177/0734242X07088432
https://doi.org/10.1177/0734242X07088432
https://doi.org/10.1016/j.atmosenv.2004.05.014
https://doi.org/10.1016/j.atmosenv.2004.05.014
https://doi.org/10.1016/j.atmosenv.2004.05.014
https://doi.org/10.1016/j.agrformet.2004.11.014
https://doi.org/10.1016/j.agrformet.2004.11.014
https://doi.org/10.1016/j.agrformet.2004.11.014
https://doi.org/10.1016/j.wasman.2016.10.004
https://doi.org/10.1016/j.wasman.2016.10.004
https://doi.org/10.1016/j.wasman.2016.10.004
https://doi.org/10.1016/j.anifeedsci.2011.04.013
https://doi.org/10.1016/j.anifeedsci.2011.04.013
https://doi.org/10.1016/j.anifeedsci.2011.04.013
https://doi.org/10.1016/j.anifeedsci.2011.04.013
https://doi.org/10.1016/j.anifeedsci.2011.04.013
https://doi.org/10.1016/j.anifeedsci.2011.04.013
https://doi.org/10.1111/j.1365-2486.2006.01280.x
https://doi.org/10.1111/j.1365-2486.2006.01280.x
https://doi.org/10.1111/j.1365-2486.2006.01280.x

10P Publishing

Environ. Res. Lett. 14 (2019) 124027

[14] Bridgham S D and Richardson CJ] 1992 Mechanisms
controlling soil respiration (CO, and CHy) in southern
peatlands Soil Biol. Biochem. 24 108999

[15] LuoWH, Yuan ], Luo Y M, Li GX, Nghiem L D and Price W E
2014 Effects of mixing and covering with mature compost on
gaseous emissions during composting Chemosphere 117
14-9

[16] Conrad R 1996 Soil Microorganisms as controllers of
atmospheric trace gases (H,, CO, CHy4, OCS, N,O, and NO)
Microbiol. Rev. 60 609—40

[17] Treat C C, Wollheim W M, Varner RK, Grandy A S,

Talbot J and Frolking S 2014 Temperature and peat type
control CO, and CH, production in alaskan permafrost peats
Glob. Change Biol. 20 267486

[18] Olefeldt D, Turetsky M R, Crill PM and McGuire AD 2013
Environmental and physical controls on northern terrestrial
methane emissions across permafrost zones Glob. Change Biol.
19 589-603

[19] Firestone M K and Davidson E A 1989 Microbiological basis of
NO and N, O production and consumption in soil Exchange of
Trace Gases between Terrestrial Ecosystems and the Atmosphere
ed M O Andreae and D S Schimel (Chichester: Wiley) pp 7-21

[20] Klemedtsson L, Arnold KV, Weslien P and Gundersen P 2005
Soil CN ratio as a scalar parameter to predict nitrous oxide
emissions Glob. Change Biol. 11 1142-7

[21] McLean E O 1982 Soil PH and lime requirement Methods of soil
analysis, Part 2 ed AL Page et al (Madison, WI: American
Society of Agronomy) pp 199-224

[22] Danielson R E and Sutherland P L 1986 Porosity Methods of
Soil Analysis Part 1. Physical and Mineralogical Methods,
Agronomy Monograph no. 9 (Madison, WI: Soil Science Society
of America) pp 443-61

[23] HartS C, Stark J M, Davidson E A and Firestone M K 1994
Nitrogen mineralization, immobilization, and nitrification
Methods of Soil Analysis: Part 2—Microbiological and
Biochemical Properties (Madison, WI: Soil Science Society of
America) pp 985-1018

[24] Denmead O T 2008 Approaches to measuring fluxes of
methane and nitrous oxide between landscapes and the
atmosphere Plant Soil 309 5-24

[25] Zeileis A 2006 Implementing a class of structural change tests:
an econometric computing approach Comput. Stat. Data Anal.
502987-3008

[26] Vergara S E, Damgaard A and Horvath A 2011 Boundaries
matter: greenhouse gas emission reductions from alternative
waste treatment strategies for california’s municipal solid waste
Resour. Conserv. Recycle 57 87-97

[27] DeLonge M S, Ryals R and Silver W L 2013 A lifecycle model to
evaluate carbon sequestration potential and greenhouse gas
dynamics of managed grasslands Ecosystems 16 962—79

[28] CalRecycle 2016 State of Recycling in California: Updated 2016
DRRR-2016-01554 Sacramento CA: California Department of
Resources Recycling and Recovery State of Recycling in
California: Updated 2016 DRRR-2016-01554

[29] United States Environmental Protection Agency 2019 Waste
Reduction Model (WARM), Washington DC (https://www.
epa.gov/warm)

[30] Ryals Rand Silver W L 2013 Effects of organic matter
amendments on net primary productivity and greenhouse gas
emissions in annual grasslands Ecol. Appl. 23 46-59

[31] Insam H, Amor K, Renner M and Crepaz C 1996 Changes in
functional abilities of the microbial community during
composting of manure Microb. Ecol. 31 77-87

[32] Finstein M S and Morris M L 1975 Microbiology of municipal
solid waste composting 11 paper of the journal series, new
jersey agricultural experiment station Advances in Applied
Microbiology ed D Perlman (New York: Academic) vol 19,
pp 113-51

[33] Insam H and de Bertoldi M 2007 Microbiology of the
composting process Compost Science and Technology (Waste
Management Series) ed L F Diaz et al vol 8 (Amsterdam:
Elsevier) pp 2548

P  Letters

[34] FernandesL,Zhan W, Patni N Kand Jui PY 1994 Temperature
distribution and variation in passively aerated static compost
piles Bioresour. Technol. 48 25763

[35] Richard T L, Hamelers HV M, (Bert), Veeken A and Silva T
2002 Moisture relationships in composting processes Compost
Sci. Util. 10 286-302

[36] Puyuelo B, Gea T and Sanchez A 2014 GHG emissions during
the high-rate production of compost using standard and
advanced aeration strategies Chemosphere 109 64—70

[37] Michel F C, Huang]J F, Forney L] and Reddy C A 1996 Field
scale study of the effect of pile size, turning regime and leaf to
grass mix ratio on the composting of yard trimmings The
Science of Compostinged M de Bertoldi et al (Dordrecht:
Springer Netherlands) pp 577-84

[38] Curtin D, Campbell C A and Jalil A 1998 Effects of acidity on
mineralization: PH-dependence of organic matter
mineralization in weakly acidic soils Soil Biol. Biochem. 30 57-64

[39] Samad M S, Bakken LR, Nadeem S, Clough T'J, Klein CA M,
de; Richards K G, Lanigan G J and Morales S E 2016 High-
resolution denitrification kinetics in pasture soils link N,O
missions to PH, and denitrification to C mineralization PLoS
Onel1le0151713

[40] RuggieriL, GeaT, Artola A and Sanchez A 2009 Air filled

porosity measurements by air pycnometry in the composting

process: areview and a correlation analysis Bioresour. Technol.

100 2655-66

Stepniewski W, GLIASKI J and Ball B C 1994 Effects of

compaction on soil aeration properties Developments in

Agricultural Engineering ed B D Soane and C van Ouwerkerk

Soil Compaction in Crop Production (Amsterdam: Elsevier)

vol 11, pp 167-89

[42] HuangY, ZouJ, Zheng X, Wang Y and Xu X 2004 Nitrous
oxide emissions as influenced by amendment of plant residues
with different C:N ratios Soil Biol. Biochem. 36 973-81

[43] Bernal M P, Alburquerque J A and Moral R 2009 Composting
of animal manures and chemical criteria for compost maturity
assessment. a review Bioresour. Technol. 100 544453

[44] Tiquia S M 2002 Microbial transformation of nitrogen during
composting Microbiology of Composting ed H Insam et al
(Berlin: Springer) 23745

[45] Rabl A, Benoist A, Dron D, Peuportier B, Spadaro ] V and
Zoughaib A 2007 How to account for CO, emissions from
biomass in an LCA Int. J. Life Cycle Assess. 12 281

[46] Gentil E, Christensen T H and Aoustin E 2009 Greenhouse gas

accounting and waste management Waste Manage. Res. J. Int.

Solid Wastes Public Clean. Assoc. ISWA 27 696-706

Christensen T H, Gentil E, Boldrin A, Larsen AW,

Weidema B P and Hauschild M C 2009 Balance, carbon

dioxide emissions and global warming potentials in LCA-

modelling of waste management systems Waste Manage. Res.

27707-15

[48] Barton]J R, Issaias I and Stentiford E12008 Carbon—making
the right choice for waste management in developing countries
Waste Manage. 28 690—8

[49] Boldrin A, Andersen J K, Moller J, Christensen T H and
Favoino E 2009 Composting and compost utilization:
accounting of greenhouse gases and global warming
contributions Waste Manage. Res. 27 800—12

[50] Andersen ] K, Boldrin A, Christensen T H and Scheutz C 2010
Greenhouse gas emissions from home composting of organic
household waste Waste Manage. 30 2475-82

[51] Adhikari B K, Trémier A, Barrington S, Martinez ] and
Daumoin M 2013 Gas emissions as influenced by home
composting system configuration J. Environ. Manage. 116
163-71

[52] Amon B, Amon T and Boxberger ] 2001 Alt, Ch. emissions of
NH3, N,O and CH4 from dairy cows housed in a farmyard
manure tying stall (housing, manure storage, manure
spreading) Nutr. Cycl. Agroecosyst. 60 103—13

[53] California Air Resources Board (ARB) 2017 Method for
estimating greenhouse gas emission reductions from diversion of
organic waste from landfills to compost facilities Industrial

[41

[47



https://doi.org/10.1016/0038-0717(92)90058-6
https://doi.org/10.1016/0038-0717(92)90058-6
https://doi.org/10.1016/0038-0717(92)90058-6
https://doi.org/10.1016/j.chemosphere.2014.05.043
https://doi.org/10.1016/j.chemosphere.2014.05.043
https://doi.org/10.1016/j.chemosphere.2014.05.043
https://doi.org/10.1016/j.chemosphere.2014.05.043
https://doi.org/10.1111/gcb.12572
https://doi.org/10.1111/gcb.12572
https://doi.org/10.1111/gcb.12572
https://doi.org/10.1111/gcb.12071
https://doi.org/10.1111/gcb.12071
https://doi.org/10.1111/gcb.12071
https://doi.org/10.1111/j.1365-2486.2005.00973.x
https://doi.org/10.1111/j.1365-2486.2005.00973.x
https://doi.org/10.1111/j.1365-2486.2005.00973.x
https://doi.org/10.1007/s11104-008-9599-z
https://doi.org/10.1007/s11104-008-9599-z
https://doi.org/10.1007/s11104-008-9599-z
https://doi.org/10.1016/j.csda.2005.07.001
https://doi.org/10.1016/j.csda.2005.07.001
https://doi.org/10.1016/j.csda.2005.07.001
https://doi.org/10.1016/j.resconrec.2011.09.011
https://doi.org/10.1016/j.resconrec.2011.09.011
https://doi.org/10.1016/j.resconrec.2011.09.011
https://doi.org/10.1007/s10021-013-9660-5
https://doi.org/10.1007/s10021-013-9660-5
https://doi.org/10.1007/s10021-013-9660-5
https://www.epa.gov/warm
https://www.epa.gov/warm
https://doi.org/10.1890/12-0620.1
https://doi.org/10.1890/12-0620.1
https://doi.org/10.1890/12-0620.1
https://doi.org/10.1007/BF00175077
https://doi.org/10.1007/BF00175077
https://doi.org/10.1007/BF00175077
https://doi.org/10.1016/0960-8524(94)90155-4
https://doi.org/10.1016/0960-8524(94)90155-4
https://doi.org/10.1016/0960-8524(94)90155-4
https://doi.org/10.1080/1065657X.2002.10702093
https://doi.org/10.1080/1065657X.2002.10702093
https://doi.org/10.1080/1065657X.2002.10702093
https://doi.org/10.1016/j.chemosphere.2014.02.060
https://doi.org/10.1016/j.chemosphere.2014.02.060
https://doi.org/10.1016/j.chemosphere.2014.02.060
https://doi.org/10.1016/S0038-0717(97)00094-1
https://doi.org/10.1016/S0038-0717(97)00094-1
https://doi.org/10.1016/S0038-0717(97)00094-1
https://doi.org/10.1371/journal.pone.0151713
https://doi.org/10.1016/j.biortech.2008.12.049
https://doi.org/10.1016/j.biortech.2008.12.049
https://doi.org/10.1016/j.biortech.2008.12.049
https://doi.org/10.1016/j.soilbio.2004.02.009
https://doi.org/10.1016/j.soilbio.2004.02.009
https://doi.org/10.1016/j.soilbio.2004.02.009
https://doi.org/10.1016/j.biortech.2008.11.027
https://doi.org/10.1016/j.biortech.2008.11.027
https://doi.org/10.1016/j.biortech.2008.11.027
https://doi.org/10.1007/978-3-662-08724-4_20
https://doi.org/10.1007/978-3-662-08724-4_20
https://doi.org/10.1007/978-3-662-08724-4_20
https://doi.org/10.1065/lca2007.06.347
https://doi.org/10.1177/0734242X09346702
https://doi.org/10.1177/0734242X09346702
https://doi.org/10.1177/0734242X09346702
https://doi.org/10.1177/0734242X08096304
https://doi.org/10.1177/0734242X08096304
https://doi.org/10.1177/0734242X08096304
https://doi.org/10.1016/j.wasman.2007.09.033
https://doi.org/10.1016/j.wasman.2007.09.033
https://doi.org/10.1016/j.wasman.2007.09.033
https://doi.org/10.1177/0734242X09345275
https://doi.org/10.1177/0734242X09345275
https://doi.org/10.1177/0734242X09345275
https://doi.org/10.1016/j.wasman.2010.07.004
https://doi.org/10.1016/j.wasman.2010.07.004
https://doi.org/10.1016/j.wasman.2010.07.004
https://doi.org/10.1016/j.jenvman.2012.12.008
https://doi.org/10.1016/j.jenvman.2012.12.008
https://doi.org/10.1016/j.jenvman.2012.12.008
https://doi.org/10.1016/j.jenvman.2012.12.008
https://doi.org/10.1023/A:1012649028772
https://doi.org/10.1023/A:1012649028772
https://doi.org/10.1023/A:1012649028772

10P Publishing

Environ. Res. Lett. 14 (2019) 124027

Strategies Division, Transportation and Toxics Division,
California Air Resources Board (https://ww3.arb.ca.gov/cc/
waste/cerffinal.pdf)

[54] Col6n]J, CadenaE, Pognani M, Barrena R, Sdnchez A,

Font X and Artola A 2012 Determination of the energy and
environmental burdens associated with the biological
treatment of source-separated municipal solid wastes Energy
Environ. Sci. 5 5731-41

[55] Cuhls C,Mahl B and Clemens ] 2015 Ermittlung der
Emissionssituation bei der Verwertung von Bioabfcillen (Dessau-
Roflau: Umweltbundesamt)

[56] de Groot M 2010 Update of emission factors for N20O and CH4
for composting, anaerobic digestion and waste incineration
(C9910-01-001 DHV B.V., The Netherlands p 33 (https://
www.rvo.nl/sites/default/files/2013/10/DHV2010%20-%
20Update%20emission%20factors%20N20%20and%
20CH4%20for%20Waste.pdf)

[57] ErmolaevE, Jarvis A, Sundberg C, Smars S, Pell M and
Jonsson H 2015 Nitrous oxide and methane emissions from
food waste composting at different temperatures Waste
Manage. 46 113-9

[58] HeY, Inamori Y, Mizuochi M, Kong H, IwamiN and Sun T
2001 Nitrous oxide emissions from aerated composting of
organic waste Environ. Sci. Technol. 35 2347-51

[59] Hellebrand HJ 1998 Emission of nitrous oxide and other trace
gases during composting of grass and green waste J. Agric. Eng.
Res. 69 365-75

[60] SanJoaquin Valley Air Pollution Control District 2013
Greenwaste compost site emissions reductions from solar-powered
aeration and biofilter layer San Joaquin Valley Technology
Advancement Program p132 (https://www.o2compost.com/
Userfiles/PDF/VOC-Emissions-Report.pdf)

[61] South Coast Air Quality Management District 2001 Remote
sensing tests for ammonia and volatile organic compound emissions
from a greenwaste composting operation Monitoring and source
test engineering branch, Monitoring and analysis, South Coast

(62]

(63]

[64]

(65]

[66]

(671

(68]

(69]

(70]

P  Letters

Air Quality Management District p 11 (https://ww3.arb.ca.gov/
cc/compost/documents/inlandempire2_source.pdf)

King G 1997 Responses of atmospheric methane consumption
by soils to global climate change Glob. Change Biol. 3 351-62
Teh Y A, Silver W L and Conrad M E 2005 Oxygen effects on
methane production and oxidation in humid tropical forest
soils Glob. Change Biol. 11 1283-97

TehY A, Dubinsky E A, Silver W Land Carlson CM 2008
Suppression of Methanogenesis by dissimilatory Fe(III)-
reducing bacteria in tropical rain forest soils: implications for
ecosystem methane flux Glob. Change Biol. 14 413-22

TehY A and Silver W L2006 Effects of soil structure
destruction on methane production and carbon partitioning
between methanogenic pathways in tropical rain forest soils

J. Geophys. Res. Biogeosci. 111 1-8

Sullivan BW, Selmants P C and Hart S C 2014 What is the
relationship between soil methane oxidation and other C
compounds? Glob. Change Biol. 20 23812

McNicol G and Silver W L2014 Separate effects of flooding and
anaerobiosis on soil greenhouse gas emissions and redox
sensitive biogeochemistry J. Geophys. Res. Biogeosci. 119 557-66
Sonoki T, Furukawa T, Jindo K, Suto K, Aoyama M and
Sanchez-Monedero M A 2013 Influence of biochar addition on
methane metabolism during thermophilic phase of
composting J. Basic Microbiol. 53 617-21

California Air Resources Board (ARB) 2014 Annex 3B. Manure
Management (IPCC 3A2) to the Technical Support Document for
the 2000-2012 California’s Greenhouse Gas Emissions Inventory
State of California Air Resources Board Air Quality Planning
and Science Division (https://ww3.arb.ca.gov/cc/inventory/
pubs/reports/2000_2012/ghg_inventory_00-12_technical_
support_document.pdf)

Ryals R, Hartman M D, Parton W ], DeLonge M S and

Silver WL 2015 Long-term climate change mitigation
potential with organic matter management on grasslands Ecol.
Appl.25531-45

10


https://ww3.arb.ca.gov/cc/waste/cerffinal.pdf
https://ww3.arb.ca.gov/cc/waste/cerffinal.pdf
https://doi.org/10.1039/C2EE01085B
https://doi.org/10.1039/C2EE01085B
https://doi.org/10.1039/C2EE01085B
https://www.rvo.nl/sites/default/files/2013/10/DHV2010%20-%20Update%20emission%20factors%20N2O%20and%20CH4%20for%20Waste.pdf
https://www.rvo.nl/sites/default/files/2013/10/DHV2010%20-%20Update%20emission%20factors%20N2O%20and%20CH4%20for%20Waste.pdf
https://www.rvo.nl/sites/default/files/2013/10/DHV2010%20-%20Update%20emission%20factors%20N2O%20and%20CH4%20for%20Waste.pdf
https://www.rvo.nl/sites/default/files/2013/10/DHV2010%20-%20Update%20emission%20factors%20N2O%20and%20CH4%20for%20Waste.pdf
https://doi.org/10.1016/j.wasman.2015.08.021
https://doi.org/10.1016/j.wasman.2015.08.021
https://doi.org/10.1016/j.wasman.2015.08.021
https://doi.org/10.1021/es0011616
https://doi.org/10.1021/es0011616
https://doi.org/10.1021/es0011616
https://doi.org/10.1006/jaer.1997.0257
https://doi.org/10.1006/jaer.1997.0257
https://doi.org/10.1006/jaer.1997.0257
https://www.o2compost.com/Userfiles/PDF/VOC-Emissions-Report.pdf
https://www.o2compost.com/Userfiles/PDF/VOC-Emissions-Report.pdf
https://ww3.arb.ca.gov/cc/compost/documents/inlandempire2_source.pdf
https://ww3.arb.ca.gov/cc/compost/documents/inlandempire2_source.pdf
https://doi.org/10.1046/j.1365-2486.1997.00090.x
https://doi.org/10.1046/j.1365-2486.1997.00090.x
https://doi.org/10.1046/j.1365-2486.1997.00090.x
https://doi.org/10.1111/j.1365-2486.2005.00983.x
https://doi.org/10.1111/j.1365-2486.2005.00983.x
https://doi.org/10.1111/j.1365-2486.2005.00983.x
https://doi.org/10.1111/j.1365-2486.2007.01487.x
https://doi.org/10.1111/j.1365-2486.2007.01487.x
https://doi.org/10.1111/j.1365-2486.2007.01487.x
https://doi.org/10.1029/2005JG000020
https://doi.org/10.1029/2005JG000020
https://doi.org/10.1029/2005JG000020
https://doi.org/10.1111/gcb.12533
https://doi.org/10.1111/gcb.12533
https://doi.org/10.1111/gcb.12533
https://doi.org/10.1002/2013JG002433
https://doi.org/10.1002/2013JG002433
https://doi.org/10.1002/2013JG002433
https://doi.org/10.1002/jobm.201200096
https://doi.org/10.1002/jobm.201200096
https://doi.org/10.1002/jobm.201200096
https://ww3.arb.ca.gov/cc/inventory/pubs/reports/2000_2012/ghg_inventory_00-12_technical_support_document.pdf
https://ww3.arb.ca.gov/cc/inventory/pubs/reports/2000_2012/ghg_inventory_00-12_technical_support_document.pdf
https://ww3.arb.ca.gov/cc/inventory/pubs/reports/2000_2012/ghg_inventory_00-12_technical_support_document.pdf
https://doi.org/10.1890/13-2126.1
https://doi.org/10.1890/13-2126.1
https://doi.org/10.1890/13-2126.1

	Introduction
	Methods
	Site description and experimental set-up
	Sensor system and laboratory analyses
	MMB method
	Statistical analyses and emissions calculations

	Results and discussion
	Environmental conditions: temperature, moisture, and oxygen
	Biogeochemical characteristics
	Greenhouse gas emissions
	Emissions patterns and environmental variables
	Consideration of the larger lifecycle emissions

	Acknowledgments
	Data availability statement
	Author contributions
	Funding sources
	References

