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of Animal Science, University of California, Davis, Davis, CA, USA, “Department of Geology and Geography, University of
Cincinnati, Cincinnati, OH, USA, SDepartment of Mechanical Engineering, University of California, Riverside, CA, USA,
®Energy Technology Area, Lawrence Berkeley National Laboratory, Berkeley, CA, USA

Abstract In this study, we present seasonal atmospheric measurements of 8'*C .y, from dairy farms in
the San Joaquin Valley of California. We used 8'*C, to characterize emissions from enteric fermentation
by measuring downwind of cattle housing (e.g., freestall barns, corrals) and from manure management areas
(e.g., anaerobic manure lagoons) with a mobile platform equipped with cavity ring-down spectrometers.
Across seasons, the 8'*C ., from enteric fermentation source areas ranged from —69.7 + 0.6 per mil (%o)

to —51.6 + 0.1%o while the 8'*C;, from manure lagoons ranged from —49.5 + 0.1%o to —40.5 + 0.2%o.
Measurements of 8'*C ., of enteric CH, suggest a greater than 10%o difference between cattle production
groups in accordance with diet. Isotopic signatures of CH, were used to characterize enteric and manure CH,
from downwind plume sampling of dairies. Our findings show that 8'*C;, measurements could improve the
attribution of CH, emissions from dairy sources at scales ranging from individual facilities to regions and help
constrain the relative contributions from these different sources of emissions to the CH, budget.

Plain Language Summary Methane emissions from livestock production are an important part of
the global methane budget. However, more measurements of carbon isotopes of methane are needed to help
constrain the relative contribution of methane sources regionally. In this study, we measured carbon isotopes
of methane at dairy farms in California, the leading dairy-producing state in the United States. Different areas
of the dairy farm had distinct methane generation processes, reflected in the isotopic signatures of methane
that were emitted. Methane from manure lagoons was more enriched in the heavier of carbon’s two stable
isotopes, carbon-13, than methane from enteric fermentation across seasons at a dairy farm. Isotopic signatures
of methane were comparable across seasons, particularly from manure lagoons. In addition, enteric methane
from different cattle production groups had distinct isotopic signatures of methane that are likely dependent
on diet composition. Isotopic signatures can also be used to apportion methane emissions from both enteric
fermentation and anaerobic manure lagoons by taking samples downwind of dairy farms. This can help
constrain the relative contributions from these different sources of emissions to the methane budget, as well as
track the effectiveness of mitigation strategies by estimating the contribution of sources.

1. Introduction

Methane (CH,) is the second most important anthropogenic greenhouse gas after carbon dioxide and is increas-
ingly becoming a critical priority for near-term climate action, given its relatively short lifetime and substantial
potential for rapid mitigation (United Nations, 2021). Over the last several decades, the growth rate of atmospheric
CH, has significantly changed, reaching stable zero growth from 1999 to 2006, followed by an increase beginning
2007 (Dlugokencky et al., 1998; Lan, Basu, et al., 2021; Nisbet et al., 2014). This rise in the global mole fraction
of atmospheric CH, has been the subject of several studies that focus on explaining this phenomenon, without
a definitive explanation. A rise in CH, emissions could be indicative of changes in total emissions from various
sources, including from biogenic, thermogenic, and pyrogenic CH, and/or changes in the atmospheric sink of
CH, (Naus et al., 2019; Nisbet et al., 2016, 2019; Rigby et al., 2017; Turner et al., 2017; Worden et al., 2017).

The isotopic signature of CH, is an important tool to diagnose the source of this increase in CH, (Dlugokencky
etal., 2011). The global stable carbon isotope ratio of atmospheric CH,, expressed as 8'*C ., has shifted toward
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more negative values simultaneously with the rise of the atmospheric mole fraction of CH, (Schaefer et al., 2016).
Recent isotopic evidence suggests that this rise in CH, is likely dominated by increased emissions of biogenic
CH,, which are more depleted in '*C relative to fossil and pyrogenic CH, sources (Fujita et al., 2020; Nisbet
et al., 2016; Schaefer et al., 2016). Based on this explanation, possible biogenic sources responsible for the rise
in atmospheric CH, include ruminants, rice paddies, and wetlands, among others (Dlugokencky et al., 2011;
Nisbet et al., 2016; Schaefer et al., 2016). Previous work have shown that isotopic signatures of CH, emitted by
enteric fermentation depend on the carbon isotopic ratio of diet composition, driven by the proportion of plants
with C3 and C4 photosynthetic pathways, with estimates 8'3Cy, of about —60 per mil (%o) for C3-fed ruminants
and about —50%¢ for C4-fed ruminants (Bilek et al., 2001; Dlugokencky et al., 2011; Levin et al., 1993; Metges
et al., 1990; Schulze et al., 1998; Schwietzke et al., 2016). Other conflicting hypotheses about the CH, budget
include an underestimate of fossil-derived sources in CH, inventories based on an isotope mass balance (Schwi-
etzke et al., 2016). Further studies, however, show that an increase in fossil-derived CH, emissions is inconsist-
ent with the observed trend in atmospheric 613CCH4 (Fujita et al., 2020; Lan, Nisbet, et al., 2021). Additionally,
there are large uncertainties in the magnitude and trends of atmospheric sinks of CH, (Gromov et al., 2018;
Lan, Basu, et al., 2021; Nicely et al., 2018; Rigby et al., 2017). Given that our understanding of the CH, budget
remains incomplete, there is a clear need for sufficient in situ isotopic characterization of CH, at the local lev-
el to identify the location and type of sources that dominate the current rise in global CH, emissions (Nisbet
etal., 2019, 2021). Even at local to regional scales, the budgets of both CH, and its stable carbon isotope remain
uncertain (Townsend-Small et al., 2012). Improved knowledge is particularly important for ensuring effective
mitigation of CH, at scales where policies to reduce CH, are being enacted (Hopkins, Ehleringer, et al., 2016).

In California, there are statewide efforts underway to reduce CH, emissions, but it remains challenging to ac-
curately monitor progress given the large inconsistencies between atmospheric observations and greenhouse
gas inventories (Duren et al., 2019; Jeong et al., 2013). Atmospheric observations have inferred higher CH,
emissions than reported in GHG inventories at the statewide and regional levels and from individual sectors,
including dairies (Cui et al., 2017; Jeong et al., 2016; S. M. Miller et al., 2013; Trousdell et al., 2016; Wecht
et al., 2014). However, there is little information about the processes that produce this apparent discrepancy. The
California Air Resources Board (CARB) GHG inventory estimates that dairies contribute about half of statewide
CH, emissions, with contributions from enteric fermentation by ruminant gut microbes and manure managed in
anaerobic conditions. However, these estimates are based on emission factors derived from a few pilot and lab-
scale studies conducted outside of California and thus likely not representative of California's climate and unique
biogeography (Owen & Silver, 2015). Given that mitigation practices are targeted toward the biogeochemical
and management processes that produce CH,, new tools for source apportionment and process understanding are
required (Nisbet et al., 2020). Stable isotopes of CH, may be a promising way forward.

The few studies that have measured isotopic signatures of CH, from dairies in California were done in the Los
Angeles Basin. Townsend-Small et al. (2012) investigated the isotopic signature of major sources of CH, in the
Los Angeles megacity, and found that isotopic values of 8'3C,, from fields applied with cow manure were char-
acterized by values between —62.1%o to —59.2%o, whereas 8'3Cy, of manure biofuel from a manure digester
facility ranged from —52.4%o to —50.3%.. Cow breath, on the other hand, had more depleted 5'3C_;,, source sig-
natures between —64.6%o0 and —60.2%o. A more recent study by Viatte et al. (2017) measured isotopic signatures
of 83Cyy, from the largest dairy farms in Southern California, and observed values between —65%0 and —45%o,
attributing the most depleted observations to enteric fermentation.

In Europe, previous research has shown that 8'*C, signatures vary dependent on the type of dairy manure
storage. In Heidelberg, Germany, Levin et al. (1993) observed more enriched 8'*Cy, from manure piles
(—45.5 + 1.3%0) and a biogas generator (—51.8 & 2.8%o) than liquid manure (—=73.9 + 0.7%0). Two recent stud-
ies used mobile surveys to measure 8'3Cy, in Europe. In Germany, Hoheisel et al. (2019) conducted mobile
measurements to determine 8'*C,, signatures around Heidelberg and in North Rhine-Westphalia. The 8°C .y,
signatures ranged from —66.0%o to —40.3%o for three dairy farms with biogas plants. More enriched 8'3Cyy,
signatures were observed from plumes downwind of the biogas plant relative to plumes downwind of the animal
housing. In Northern England, Lowry et al. (2020) found that methane plumes downwind of dairy farms had
813C .y, signatures from —67%¢ to —58%o. Atmospheric measurements downwind of manure piles were more
enriched in '3Cgy, with values close to —50%o relative to cow breath, which were close to —70%.. Isotopic end-
members were variable downwind of animal housing dependent on the cattle population and amount of manure
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Figure 1. Facility layout and location of sonic anemometer on the reference test site in the San Joaquin Valley, California.

waste present. In general, CH, from barns with fewer cows and more manure waste were more enriched in 3C. In
comparison, beef cattle feedlots have isotopic signatures within the range of expected enteric fermentation, with
8BCyy, signatures of —66.7 + 2.4%o in Alberta, Canada (Lopez et al., 2017) to —56.2%0 + 1.2%o in the Colorado
Front Range, USA (Townsend-Small et al., 2016). Beef cattle are generally pasture raised until they are sent to
feedlots, where their diet is primarily maize with varying proportions of wheat (Drouillard, 2018).

In this study, we present seasonal atmospheric measurements of 8'*Cy, from dairy farms located in the San
Joaquin Valley, California, where 91% of the state’s dairy herd resides (Mullinax et al., 2020). Our primary objec-
tive was to measure 8'3Cy,, emitted from anaerobic manure lagoons and enteric fermentation source areas across
seasons. Our second objective was to use 8'°Cy, source signatures from enteric fermentation and anaerobic
lagoons to identify the dominant source responsible for CH, hotspots detected from downwind plume sampling
of other dairies in the region. We hypothesized that the §'*C ., signatures from dairy anaerobic manure lagoons
and enteric fermentation can be used to apportion CH, emissions between these two dairy farm source processes.
These isotopic signatures can help contribute to the body of knowledge that aims to resolve the CH, budget in
California and globally.

2. Methodology
2.1. Study Site

Ground-based mobile measurements were collected at a dairy in Tulare County (San Joaquin Valley), California,
in the fall, spring, summer, and winter seasons from 2018 to 2020. Hereafter, we will refer to this dairy as the
reference test site farm. Figure 1 shows a schematic of the reference test site farm layout. The reference test site
has on average 3,070 milking cows that spend most of their time in freestall barns, with an additional ~400 dry
cows and ~3,000 heifers that are primarily in open lots (corrals). Manure waste is handled using a combination
of wet and dry manure management practices (Meyer et al., 2019). Wet manure management is used for waste
deposited in the freestall barns, where manure waste is flushed from barn floors and diverted to a processing pit.
Wastewater from the milking parlor also enters the processing pit. Processing pit water is reused to flush lanes
or is pumped over stationary inclined screen (manure separator). A manure separator then removes coarser sol-
ids (17% of total solids) from liquid effluent, which gravity flows into cell 1. The liquid manure navigates from
separation cell 1, cell 2, the primary lagoon, and finally into a holding pond via gravity, decreasing the content of
suspended volatile solids through anaerobic decomposition and settling as it moves from one component to the
next. Water waste from the holding pond is later used as irrigation water for cropland. Hereafter, manure lagoons
refer to cell 1, cell 2, primary lagoon, and the holding pond. Dry manure management refers to the fraction of
waste that is separated from the liquid waste stream, which is spread out on the ground and solar dried. Once dry,
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this manure is distributed into freestall beds (bedding) or stacked and covered
in the dry bedding. The primary forages are wheat and maize preserved as
silage. Silage piles are covered with a double layer of plastic.

The feed composition for different seasons was obtained by weighing each
feed ingredient as it was included into the mixer wagon. All weights were
transferred electronically to feed management software (VAS FeedWatch).
FeedWatch data were retrieved once monthly for ingredient identification,
quantity fed per pen, pen population and dry matter composition. Each ingre-
dient was identified as C3 or C4 except for distiller’s grain, which could be
a changing combination of C3 and C4 sources. Sum of dry weights by pen
for C3, C4, distillers feeds were calculated. The feed composition by cattle
production group is presented in Table 3.

We also made measurements at other dairies within a 10 X 10 km region of
agricultural land in the same county, which includes additional dairy farms,
beef feedlots, poultry farms, and a landfill that are also emitting CH, (Fig-
ure 2). Other potential sources of emissions surround the region, including
a wetland, plugged and abandoned oil and gas wells that are permanent-
ly sealed, and a wastewater treatment plant (Figure 2). Residential land is
primarily located south of the region and contains an extensive natural gas
pipeline network. Globally, the 8'*Cy, signatures from fossil fuel sources
are typically around —44%o (Schwietzke et al., 2016), with 8'°C,, signa-
tures between —50%0 and —36%o from fugitive natural gas in urban settings
(Defratyka et al., 2021; Phillips et al., 2013; Xueref-Remy et al., 2020). Ur-
ban studies also use ethane (C,Hy) to CH, ratios as a tracer to distinguish
between sources in mixed source regions (e.g., thermogenic sources >0.01
and biogenic <0.005; Hopkins, Kort, et al., 2016; Lopez et al., 2017; Low-
ry et al., 2020; McKain et al., 2015; Plant et al., 2019; Sargent et al., 2021;
Wennberg et al., 2012).

2.2. Mobile Platform and Micrometeorological Measurements

Continuous measurements of greenhouse gases and pollutants were collect-
ed using a mobile platform (Thiruvenkatachari et al., 2020), consisting of

analyzers using the Cavity Ring-Down Spectroscopy (CRDS) technique (Picarro G2210-i and Picarro G2401,
Picarro, Inc.), global satellite positioning unit (GPS 16X, Garmin Ltd.) to record geolocation and vehicle speed,
2-D sonic anemometer (METSENS500, Campbell Scientific, Inc.) to measure wind direction, wind speed, air
temperature and relative humidity, and calibration tanks. The following trace gas species were continuously

measured from air drawn in at an inlet with a height of 2.87 m: CH,, 8"*C,, carbon dioxide (CO,), carbon

monoxide (CO), C,H,. Reported trace gas mole fractions and isotope ratios were corrected using low and high

custom gas mixtures that were measured before and after each measurement period. The isotopic values of the

gas mixtures were —39.5%o in the fall 2018, spring 2019, and summer 2019 campaigns, —40.7%o in the fall 2019

campaign, and —38.5%o in the winter 2020 campaign. These gas mixtures contained all the species of interest and
were tied to the scale set by the NOAA Global Monitoring Division (GMD) by measurement against NOAA cer-
tified tanks. Isotopic standards were tied to the Vienna Pee Dee Belemnite (VPDB) scale and further calibrated
by measuring two standards ranging from —23.9%o to —68.6%¢ with the Picarro 2210-i in the laboratory before

the field campaign.

Micrometeorological measurements were collected at the reference test site each season, with a 3-D sonic ane-
mometer (CSAT3, Campbell Scientific, Inc.) mounted on a stationary tower near the manure lagoons (Figure 1).
Measurements were made at two heights, 2.4 and 11 m, at a frequency of 20 Hz. For the purposes of our analysis,
we only used meteorological data from the 2.4 m tower.

On 15 January 2020, we used a cuboid chamber (17.8 cm height and 28.0 cm width) made of clear PVC to isolate
and measure 8'*C .y, from freestall barns and static manure piles from the solid drying area (Litvak et al., 2014).
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Table 1
Samples Collected by the Mobile Platform Using the CRDS and IRMS Technique

IRMS 8°H-CH, IRMS 83C-CH, IRMS CH, Average CRDS Average CRDS CH,

Date Local time? Source type® (%o0)¢ (%o)* (ppm) 813C-CH, (%o)? (ppm)¢ n®
25 March 2019 13:37:50-13:38:50 Cell 1 -326 +4 —429+0.2 56.7 —43.3 +0.1 40.5 + 0.4 34
25 March 2019 18:37:30-18:38:30  Primary lagoon —263 +4 —50.1 +0.2 17.1 —49.9 + 0.1 14.6 + 0.2 44
26 March 2019 7:52:05-7:53:05  Freestall barns —280 +4 —-542+0.2 11.2 -542+0.2 11.1 £ 0.5 46
26 March 2019 8:12:30-8:13:30 Corrals =277 +4 —-52.1+0.2 10.1 —-52.0 +£0.1 10.2 £ 0.1 45
26 March 2019 9:12:30-9:13:30 Landfill —245+4 —49.2 +0.2 5.4 —49.0 + 0.2 5.5+0.0 47

20One minute time interval for CRDS measurements. Flask samples for IRMS were also instantaneously collected within this time interval. ®All source types were at
reference test site except the landfill (Figure 2). °Precision of the IRMS technique is reported. Standard error of the average CRDS measurements is reported. Note these
are all the values measured. *Sample size of CRDS observations that were averaged.

The chamber was placed on the freestall barn or manure pile surface and connected to the gas analysis system of
the mobile platform with Synflex tubing. For each sample, we collected measurements for 10 minutes. We also
measured 613CCH4 from the breath of milking cows, dry cows, heifers, bull calves, and calves in hutches by hold-
ing Synflex tubing connected to the mobile platform gas analysis system near the mouths of cows (Townsend-
Small et al., 2012). We measured within 16 cm of milking and dry cows, ~1 m from heifers and bull calves, and
~10 m from calves in hutches.

2.3. Data Processing

Several corrections to observations were applied for each measurement period. First, observations collected from
different instruments were cross-correlated and synchronized to local time (Hopkins, Kort, et al., 2016). Offsets
were recorded between local time and each instrument’s internal clock, which were then used to correct data pri-
or to performing the cross-correlation method. Picarro raw mixing ratio measurements were time synchronized
to collocated GPS measurements based on time stamp. Second, a correction was applied based on the lag time
between the inlet and instrument reading. Third, trace gas mole fraction and 8'*C, observations were corrected
by applying a correction factor from calibrations performed before and after each measurement period.

2.4. Whole Air Samples and Continuous Mobile Laboratory Measurements

We compared measurements of 8'°C ., using our mobile laboratory sampling technique using CRDS with anal-
ysis of whole-air samples collected at the same time and then analyzed with standard Isotope Ratio Mass Spec-
trometry (IRMS). Five whole-air samples of atmospheric CH, were collected in preconditioned and evacuated
2-L stainless steel canisters with bellow valves, over a period of about one minute (Blake et al., 1994; Colman
et al., 2001). Whole-air samples were collected at the same height of the mobile laboratory inlet. The canisters
were first processed by University of California, Irvine for chemical analysis, and a subsample was then sent to
the University of Cincinnati for isotopic analysis with IRMS using a method described in detail by Yarnes (2013).
Over the course of the same time intervals, the mobile laboratory continuously measured 8'3C;, with the CRDS
instrument. The differences between 5'*C measured by IRMS and CRDS were within the uncertainties of each re-
spective technique (Table 1). These findings suggest that §'*C;, measurements by the mobile laboratory CRDS
technique is comparable to the standard IRMS method.

We conducted a dilution experiment to analyze the precision of 8'*C;, sampled with the CRDS instrument at
varying CH, levels similar to what we observed during downwind plume sampling of other dairies in the region.
Following a similar method by Miles et al. (2018), a high gas standard with 20.1 ppm CH, and 8'*C-CH, of
—44.35%o (traceable to the scale set by the NOAA GMD by measurement against NOAA certified tanks) was
mixed with zero air using a mass flow controller (MC-20SLPM-D-SV and MCS-100SCCM-D-PCVO03, Alicat
Scientific, Inc.). The mass flow controllers were used to direct isotopic calibration standard tank into a mixing
volume at 20 sccm (standard cubic centimeter per minute) and mixed with zero CH, air at 203.3, 181.0, 140.0,
114.00, 20.2, and 13.5 sccm to create target CH, mole fractions of 1.8, 2.0, 2.5, 3.0, 10.0. and 12.0 ppm, respec-
tively. To compare with the time interval used to average regional measurements, the final 15 s of data for each
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dilution were averaged to evaluate the precision of the instrument. The standard error of the §'*C-CH, collected
during these tests increased with decreasing CH, mole fractions (Figure S1 in Supporting Information S1). The
83C end-member (—43.52%o) from the data collected was within 0.83%o of the isotopic value of calibration
standard tank.

2.5. Farm-Scale Analysis

Sources of CH, emissions at the reference test site farm were identified by categorizing atmospheric observations
based on proximity to the emission source and wind direction. To evaluate 8'*Cy, from biogenic sources at
the farm scale, observations with CH, < 30 ppm (Picarro G2210-i dynamic range) were selected and averaged
by 1-min intervals to minimize uncertainty according to the performance standards of the instrument. For each
source, 8'*Cy, and the corresponding standard errors were estimated as the y-intercept from a weighted linear
regression of the inverse of the atmospheric CH, mole fraction and 8'*Cy, (i.e., Keeling plot; Keeling, 1958;
Pataki et al., 2003). Keeling plots were generated for each dairy farm source (i.e., manure lagoons, corrals, and
freestall barns) by applying a weighted linear regression with errors in both the independent and dependent var-
iables (i.e., x-data: CH,~! and y-data: 8'3C,) based on the York et al. (2004) method (Thirumalai et al., 2011).
To exclude CH, emissions from fossil-fuel sources, such as from vehicles, which have 6‘3CCH4 signatures between
—46%o and —30%. (Townsend-Small et al., 2012), we omitted CH, observations that had corresponding excess
C,H, values > 0.1 ppm (0.02% of reference test site farm measurements) and excess CO values > 500 ppb, the
99th percentile from all regional transects (D. J. Miller et al., 2015). We define excess C,H, and excess CO as
mole fractions above the minimum C,H, and CO observations for each dairy farm source. At the reference test
site, no excess CO measurements above this threshold were detected. For the inverse of CH,, the uncertainty
was defined as the mean of the standard errors from the 1-min averaged observations in the weighted linear re-
gression. For 8!3C,,;, observations, we first evaluated the mean of the standard errors from the 1-min averaged
observations against the standard error from 1-min averages of the standard gas run. Then, we selected the largest
standard error of the two as the corresponding uncertainty. In this study, the §'*C,, values reported hereafter are
referring to the 8'3C end-members derived from Keeling plots.

2.6. Downwind Plume Sampling Analysis

Isotopic signatures of CH, were classified into the following two categories: Dairy Cluster (dairies A-F) or
isolated dairy farms (Dairy I, Dairy II, Dairy III), where there were no major potential sources of CH, within at
least 2 km from the dairy farm (Figure 2). We used 15-s averaged observations to detect CH, hotspots, defined as
locations with CH, levels exceeding 350 ppb above local background. We exclude potential CH, emissions from
fossil fuel sources using the same C,H and CO criteria as described above. For each season, we then identified
hotspots of CH, downwind of dairy farms and derived the 8'3C end-members with a Keeling plot, using the
method described in Section 2.5. To ensure the method described in Section 2.5 is appropriate for the lower mole
fractions observed from downwind sampling of other dairies in the region, we compared the 8'*C end-members
using the standard error from the CH, dilution experiment described in Section 2.4 against the standard error
selected using the method described in Section 2.5. There was no statistically significant difference between §'3C
end-members using Welch’s #-test. Thus, to be consistent with analysis at the farm-scale, the method described
in Section 2.5 was selected to obtain source 8'*C end-members from downwind plume sampling of other dairies.

Isotope mixing equations from Fry (2006) were used to estimate the fractional contribution of the two CH,
sources, enteric fermentation source areas and manure lagoons, from CH, hotspots. We averaged the isotopic
signatures of cow breath measurements (Seneric) from milking cows, dry cows, heifers, bull calves, and calves in
hutches from the winter 2020 measurements from the reference test site (—61.1 + 0.3%0). We also averaged the
manure lagoon isotopic signatures, Spmanure, Observed at the reference test site (—45.1 + 0.4%o). The following
equation was used to estimate the fraction of enteric methane emissions,

femeric = (6ubservation - 5manure)/(5enteric - 6manure)

where f, .. is the fraction of enteric methane from the total sum of two sources and Sopservation 1S the isotopic sig-
nature of the CH, hotspot. Uncertainties were calculated by propagation of error.
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Figure 3. Seasonal 5'3C_, isotopic signatures from different CH, source areas on the reference test site farm (corrals, freestall barns, and manure lagoons). Each
symbol represents the 8'*C,, isotopic signature derived from Keeling plots. The lines and shaded regions represent the 8'*C,, isotopic signatures (lines) and
associated standard errors (shaded regions) of cow breath by cattle type during the winter 2020 campaign (Figure 4).

To further characterize CH, hotspots, we used a Eulerian numerical (EN) dispersion model to identify the CH,
flux footprint, which is the upwind area where CH, emissions measured by the mobile platform were generated
(refer to details in Thiruvenkatachari et al., 2020). For this study, the EN model identified which dairy farm areas
contributed the most to the atmospheric CH, observations. We applied a roughness length of 0.002 m in the EN
model. The dairy farm areas were divided into smaller sources by a 5 m grid.

3. Results

3.1. Source-Scale Isotopic Signatures of CH, Measured at a Single Farm

Different sources of CH, emissions of the dairy farm had distinct isotopic signatures of CH, that were compara-
ble across seasons (Figure 3, Table 2). The 8'3C , signatures from enteric fermentation source areas were more
depleted than CH, from manure lagoons. The 8*C,;, from animal housing areas ranged from —69.7 + 0.6%o to
—51.6 + 0.1%o, whereas the 8'*C ., from manure lagoons ranged from —49.5 + 0.1%o to —40.5 + 0.2%0. Methane
emissions from freestall barns had heavier §'3C,,, with values ranging from —59.9 + 0.2%o to —=51.6 + 0.1%..
Meanwhile, corrals exhibited the most depleted 8'*C,y,, ranging from —69.7 + 0.6%0 to —55.5 % 0.5%0. We ob-
served some subtle seasonal differences in isotopic signatures from manure lagoons. The most enriched 8'*C,
from manure lagoons was observed in January 2020 (—40.5 + 0.2%o) relative to other seasons, such as in June
2019 (—49.5 + 0.1%0) and September 2019 (—46.7 + 0.0%o). Freestall barns and corrals displayed a relatively
larger range, impacted by differences in C3 and C4 feed composition, but, notably, the heaviest 8'*C,;, was ob-
served in September 2018 (freestall barns: —52.8 + 0.1%0) and January (freestall barns: —51.6 + 0.1%o), with the
most depleted 8'*C ., observed in September 2018 (corrals: —69.7 + 0.6%0). Methane observations varied dras-
tically between corrals, freestall barns, and manure lagoons. Across all seasons, the average CH, mole fractions
at corrals and freestall barns were 5.4 + 3.4 and 8.5 + 6.3 ppm, respectively. Manure lagoons had on average the
highest CH, mole fraction of 18.4 + 18.2 ppm.

Differences in the isotopic signatures from CH, emissions generated from the freestall barns and corrals may
be explained by the types of cattle housed in each area. To further explore this, we conducted isolated breath
measurements of different cattle production groups during the winter season and evaluated their diet composition
across seasons. Freestall barns only house milking cows and cows within a few days of parturition, while corrals
house milk-fed calves in hutches (hereafter, hutch calves), heifers, bull calves, and dry cows (i.e., non-lactating
cows). As shown from the Keeling plots in Figure 4, the breath of milking cows (—54.2 + 0.2%0) and hutch calves
(=55.0 + 1.7%o) were more enriched in §'*Cy, relative to dry cows (—62.6 =+ 0.3%o) and heifers and bull calves
(—66.4 £ 0.2%o).

We used feed data collected at our reference test site farm to interpret the variations in 8'*C of CH, emitted from
cattle in corrals and freestall barns at the reference test site farm. We found that the types of cattle housed in each

CARRANZA ET AL.

7 of 15



A7t |

M\\JI Journal of Geophysical Research: Biogeosciences 10.1029/20211G006675
AND SPACE SCIENCE
Table 2 area were each fed a distinct type of feed, consisting of C3, C4, or distiller's
Seasonal 53C,, Isotopic Signatures at a Dairy Farm (i.e., Reference Test dried grains of unknown composition (DDG; Table 3). In all seasons, milking
Site) cows were fed a mixture consisting primarily of C3 (36%—43%) and C4 feeds
o — Date oD 8'3C g4 (%o)® (50%-58%), with a small percentage of DDG (5%—8%). Hutch calves were
Fall 6 p— B B il milk-fed and also fed a mixture of C3, C4, and DDG feed, but with a larger
t st s —52. L . .
: R reestall Barns * percentage of DDG (27%—45%)—the diet composition for hutch calves was
20 September 2018 Freestall Barns —36.2£05 more variable depending on the season. Bull calves were fed a wide range of
21 September 2018 Freestall Barns =554 +0.2 C3 (12%-45%), C4 (12%-66%), and DDG (22%-43%) feed depending on
Spring 26 March 2019 Freestall Barns —54.1 +0.1 the month. In contrast, dry cows and heifers were predominately fed a C3
28 March 2019 Freestall Barns —54.0+0.1 diet (85%—-100%) with a small percentage of DDG (0%-15%). Given that
Summer 20 June 2019 Freestall Barns 2599402 isotopic measurements of substrates were outside the scope of this study,
26 Tune 2019 . 1B 82401 we assumed that C4 feed had a 8"C of —12.2 + 0.3%0 and C3 feed had
st s —58. L . .
ane reestall Barns * a 8'3C of —23.6%0 based on reported 8'°C of maize and wheat in Chang
Fall 14 September 2019 Freestall Barns —59.8+02 et al. (2019). For DDG, we assumed an equal mixture of C3 and C4 feed,
Winter 15 January 2020 Freestall Barns =516 +0.1 resulting in a 8"3C of —17.9 + 0.3%.. To estimate the expected 8'3C,, for
Fall 21 September 2018 Corrals —69.7 + 0.6 different cattle production groups at the reference test site, we used the linear
Spring 25 March 2019 Clomills —657 + 1.0 regression equation derived from the empirical relationship between 8'3C .,
3 . . . .
26 March 2019 Corrals 555405 and 8"°Cy, from enteric fermentation o.f ruminants in Chang et al. (2019)
(6 Ccu, = 0.91 X 6" Cyier — 43.49%0, with the standard errors of the inter-
28 March 2019 Corrals —-62.1+0.1 . .
cept and slope being 2.86 and 0.12%o, respectively). Based on these assump-
Summer 20 June 2019 Corrals —58.6+£05 tions, milking cows and hutch calves are projected to emit more enriched
26 June 2019 Corrals —57.6 £0.2 813Cyy, values relative to other cattle production groups (Table 3). Although
Winter 15 January 2020 Corrals —63.5+0.1 this pattern generally agrees with our study’s 8'*C;, measurements from en-
Fall 19 September 2018 Manure Lagoons —46.0 + 0.0 teric fermentation source areas, our 613CCH4 measurements were often more
. 3 . L .
20 September 2018 I 468+ 0.0 enrlch.ed ‘than exPecteq. The ?CHA from animal housing is 111A<ely .1mpacted
. by emissions of isotopically enriched CH, from manure deposited in corrals
Spring 25 March 2019 Manure Lagoons —45.5+0.0
and freestall barns.
26 March 2019 Manure Lagoons —-452+0.1
28 March 2019 I 449401 The Progressmn of.manu}re from one component of the system t.o anot%ler
also influenced the isotopic signature of CH, at the reference test site. Using
Summer 17 June 2019 Manure Lagoons —429 +0.1 . .
a chamber to isolate sources of manure at different stages of the manure man-
e s 2001 vl Lrzoons 4l 00 agement on 15 January 2020, we observed that a mixture of fresh volatile sol-
19 June 2019 Manure Lagoons ~ —47.0+£0.0  ids with urine on the floor of freestall barns yielded the most depleted 8'*C -,
20 June 2019 Manure Lagoons —49.5+0.1 (=56.3 £ 0.4%0). Methane emitted from two separate manure piles at the
21 June 2019 Manure Lagoons —46.9 + 0.0 solid drying area, however, had heavier §'*Cy, signatures (—46.0 + 0.9%o
26 June 2019 s e 455+ 0.1 and -39.1 + 0.5%0;‘ refer to Figure 1 for fa0111Fy layout). The @ore deplét-
ed 83C,,, observations were from a manure pile that was noticeably drier
Fall 12 September 2019 Manure Lagoons —45.8+0.0 .
than the second sample. In comparison, measurements from manure lagoons
13 September 2019 Manure Lagoons ~ —46.7 + 0.0 using the mobile laboratory resulted in 8'*C.y, of —43.4 + 0.4%.. Based
14 September 2019 Manure Lagoons ~ —43.0 £ 0.1 on our measurement of the oxidation reduction potential (ORP), the manure
Winter 15 January 2020 Manure Lagoons —42.7+04 waste stream is anaerobic from cell 1 onward to the holding pond (ORP was
16 January 2020 Manure Lagoons —40.5 + 0.2 < =300 mV). Prior to that, we expect the waste stream to have varied condi-
17 January 2020 I e 4054 0.1 tions that include anaerobic and aerobic microsites. Presumably some of the

aStandard errors are reported for 8'3Cy, isotopic signatures derived from
Keeling plot analyses. All p values are <0.001, except on 14 September 2019
for Freestall Barns (p value = 0.01) and 15 January 2020 for Manure Lagoons
(p value = 0.85).

manure on the floors of cattle housing areas is anaerobic, given the continu-
ous presence of water on the floors of freestalls.

3.2. Downwind Plume Sampling of Other Dairies in the Region

Isotopic signatures from CH, hotspots observed from downwind plume sam-
pling of other dairies in the region were consistent with on-farm isotopic

signatures (Table 4). For example, downwind plume sampling at Dairy I resulted in a depleted 8'*Cy,, value of

—57.1 & 3.4%o, representative of enteric CH,, with an estimated f,
At Dairy III, we observed isotopic signatures ranging from —59.9 & 2.0%o to —43.9 + 0.7%o. The estimated f,

of 0.75 + 0.21 (Figures 5a and 5b, Table 4).

nteric

nteric

and CH, flux footprint revealed that the most enriched isotopic signatures corresponded to CH, emissions from

manure lagoons, while the most depleted isotopic signatures were from emissions from the corrals and manure
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Figure 4. Keeling plot of 1/CH, concentration versus 8'*C isotope measurements of CH, from cow breath on 15 January
2020. Different cattle types and their Keeling intercepts are shown with different colors in the key.

lagoon areas (Figure 5, Table 4, Figures S3—S13 in Supporting Information S1). Within the same day, on June
25th, we observed two CH, hotspots with more enriched isotopic signatures, —44.5 + 1.6%o (Figures 5c and 5d)
and —43.9 + 0.7%o, which fall within the range of manure lagoon 8'*C,, observed at the reference test site,
and a hotspot with a more depleted isotopic signature (—59.9 + 2.0%o), similar to enteric fermentation sources
observed at the reference test site. We observed a similar circumstance on March 24th—the flux footprint pri-
marily captured the manure lagoon areas with a more enriched isotopic signature of —51.6 + 1.2%o in the early
afternoon with predominantly southwesterly winds, but the flux footprints shifted to both corrals and lagoons
in the late afternoon with predominantly northeasterly winds, resulting in a more depleted isotopic signature
of —58.4 + 2.9%o. The resulting f,
of —51.6 + 1.2%0, meanwhile the more depleted isotopic signature of —58.4 + 2.9%o had a higher f, .. of
0.83 +£0.19.

aeric OF 0.41 + 0.08 was estimated for the more enriched isotopic signature

Isotopic signatures were also influenced by the distance between the location of measurements and dairy farm,
as well as the proximity to other dairy farms. To illustrate this further, a CH, plume was observed approximately
140 m downwind of Dairy II, with a §'*C ., value of —50.2 + 1.5%o, a value that is representative of atmospheric
mixing of CH, emissions from dairy manure lagoon and enteric fermentation sources. The largest contributing
source to the CH, flux footprint was corrals and the corresponding f, ... was 0.32 + 0.10, suggesting an addition-

al source of CH, emissions with an enriched isotopic signature, such as manure piles in the corrals. We detected

nteric

four CH, hotspots downwind of the Dairy Cluster with a narrow range of 8'*Cy, values, —53.5 + 2.3%o to
—50.4 + 1.8%o. Different upwind areas of the dairy farms A-F were captured by the CH, flux footprint (Table 4,
Figures S10-S13 in Supporting Information S1).
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Table 3 4. Discussion and Conclusion
Feed Composition at Reference Test Site Farm Stable carbon isotope measurements of CH, can be a valuable source appor-
C4 c3 DDG Estimated tionment technique to distinguish between enteric and manure CH,. At the
Cow type Month 2 %) (%) 8Cony (o)t reference test site farm, we found a clear separation of §'*Cy, signatures
Milking cows ~ October 2018 42 50 8 —60.2+2.9 between enteric fermentation source areas (more depleted: —69.7 + 0.6%o
January 2019 36 57 7 —60.9+2.9 to —=51.6 + 0.1%o0) and manure lagoons (more enriched: —49.5 + 0.05%o to
March 2019 36 58 6 —60.9 +2.9 —40.5 + 0.2%o0). These source signatures were comparable across season,
Tune 2019 37 57 6 —60.8429 particularly from manure lag(?ons, an.d werfa al_ways different from one an-
other by at least ~8%o. Additionally, isotopic signatures from CH, hotspots
September 2019 43 50 > B observed from remote mobile surveys were consistent with on-farm isotopic
Dry cows October 2018 0 100 0 —65.0+29 signatures and captured CH, source areas. Our downwind observations re-
January 2019 0 100 0 —65.0£2.9 vealed that enteric fermentation-derived CH, contributed from 0% to 93% of
March 2019 0 100 0 —65.0+2.9 CH, in plumes that varied with the amount of animal housing and lagoon in
June 2019 0 100 0 —65.0+2.9 the emission footprint (Table 4). Measurements of *C of CH, downwind of
September 2019 0 100 0 —65.0 429 c%alry farms may l_)e a .u.sefu.I tool to mgnltor and quantify enterlc.::ma.nure ra-
tios with changes in mitigation (Marklein et al., 2021). As shown in this study,
Heifers October 2018 0 87 13 —643+29 . L . . .
isotopic signatures of CH, downwind of dairy farms can be used to estimate
January 2019 0 86 14 —643+2.9 the fraction of contributing sources, such as from manure lagoons and enteric
March 2019 0 90 14 —64.3+29 fermentation source areas. We measured that the fraction of enteric CH, to
June 2019 0 92 15 —643 +2.9 total CH, from a mixed cluster of dairy farms ranged from 0.33 to 0.53, simi-
September 2019 0 85 15 —642+2.9 lar to model predictions of 0.5 for this region (Table 4; Marklein et al., 2021).
Bull calves October 2018 45 2 43 581429 Most CH, mitigation strategies separately address CH, emitted from enteric
fermentation, such as through feed additives (Honan et al., 2021), or manure
January 2019 23 > 26 —613+29 emissions by changing management techniques (Joshi, 2020). As governing
March 2019 20 55 25 —61.6+29 bodies undertake mitigation strategies to reduce CH, emissions from enteric
June 2019 17 59 24 —-62.0+2.9 fermentation or dairy manure management, it is essential to verify mitigation
September 2019 12 66 22 —62.6+2.9 effectiveness. In California, for example, numerous dairy farms have recently
Eiiteh ealives October 2018 49 6 45 —57.6+2.9 adopted or plan to install digesters in the near future to capture and convert
January 2019 25 48 7 610429 CH, from manure .lagoons mto_ fuel. Although digesters are designed to ca}p—
ture most CH,, emissions, studies have detected notable CH, leaks from bio-
March 2019 25 48 27 —61.0+29 gas plants (Bakkaloglu et al., 2021). An important area of future research is to
June 2019 25 43 27 =700 £2.9 quantify the effect of mitigation strategies by comparing §'*C,, downwind
September 2019 25 48 27 —61.0+2.9 of dairy farms before and after installation of digesters.

Estimated 8'*Cy, using Chang et al.
described in Section 3.1.

(2019) linear regression equation Isotopic signatures in this study agree with previous research showing that

manure CH, is more enriched in **C than enteric CH,. Our on-farm measure-

ments, however, show that manure lagoon CH, is relatively more enriched

in 13C than previously reported in Southern California (Table 5). Townsend-
Small et al. (2012) reported a *Cyy, range of —52.4%o to —50.3%o for manure biofuel from a manure digester fa-
cility and Viatte et al. (2017) reported '3C of CH, of about —57%o near manure lagoons. This may be explained by
differences in CH, generation processes and manure management differences between Southern California and
San Joaquin Valley. Dairies in the San Joaquin Valley predominately use flush systems and store manure in la-
goons, while Southern California dairies typically operate dry lots that forgo flushing manure from the feedlanes
such that less manure is stored in anaerobic lagoons (Marklein et al., 2021; Meyer et al., 2019). Nevertheless, all
California farms produce liquid manure from flushing solids in the milking parlor (Meyer et al., 2019). Although
Viatte et al. (2017) reported a more depleted '*C of CH, of about —57%¢ near manure lagoons compared to this
study, they also observed an ~8%. fractionation between enteric CH, and manure CH,, consistent with our find-
ings of isotopic fractionation between manure lagoons and enteric CH, from freestall barns. There may also be
differences in the stable carbon isotope composition of feed and differences in biogeochemical factors that play
a key role in determining which microbial communities and pathways promote or inhibit CH, generation from
dairy manure management, and in turn affect the isotopic signature of CH, emissions. These include pH, dis-
solved oxygen level, temperature, volatile fatty acids, chemical composition of the substrate, total nitrogen, and
nutrient composition (Amon et al., 2007; Weiland, 2010).
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Table 4
Regional Isotopic Signatures of CH, Downwind From Dairy Farms
Measurement Fraction
Predominant location of enteric
wind relative to Largest contributing sources to the methane
Date® Start End Dairy 3BCepy R*>  pvalue direction dairy farm methane flux footprint emissions®
6/25/2019 15:51:40 15:53:50 Dairy I -57.1+34 060 0.03 WNW S Corrals 0.75 + 0.21
9/21/2018 18:05:01 18:09:30 Dairy II -502+15 0.18 0.01 W E Corrals 0.32 £0.10
3/24/2019 13:28:01 13:32:00 Dairy IIT -51.6+1.2 020 <0.001 SW E, S Lagoons 0.41 +0.08
3/24/2019 17:53:01 17:55:13 Dairy III —-584+29 033 001 NE S Corrals & Lagoons 0.83 +0.19
6/25/2019 14:02:00 14:05:30 Dairy III -599+20 0.23 <0.001 NW E, S, W Corrals & Lagoons 0.93 +£0.13
6/25/2019 15:17:00 15:18:28 Dairy IIT —-445+16 0.16 0.62 WNW E Lagoons —0.04 +£0.10
6/25/2019 17:11:30 17:15:00 Dairy III —439+0.7 002 022 NW S,E Lagoons —0.08 + 0.05
9/21/2018 17:18:12 17:23:36  Dairy Cluster —529+ 1.6 0.13 <0.001 WNW In-between Dairies D-F 0.49 + 0.10
3/24/2019 14:16:59 14:23:34 Dairy Cluster —-53.5+23 0.06 <0.001 NNW In-between Dairies A-F 0.53 +£0.15
6/24/2019 16:06:41 16:12:05 Dairy Cluster —-504+1.8 0.02 0.06 NW In-between Dairies D-F 0.33 +0.12
6/25/2019 14:14:54 14:20:28 Dairy Cluster —-52.6+2.6 0.05 0.04 WNW In-between Dairies C-F 0.47 +0.17

aDate format: M/DD/YYYY. *Standard errors are reported for 8'°C,, isotopic signatures.

Future work is needed to explain the isotopic composition of CH, emissions from manure lagoons. This area of
research can provide important information on the dominant microbial communities and biogeochemical pro-
cesses, which can inform mitigation efforts to reduce CH, emissions from the dairy sector. In our study, whole
air sample analysis using IRMS (Table 1) showed that CH, emissions from cell 1 were relatively more enriched
in 813C (—42.9 + 0.2%0) and more depleted in the hydrogen isotopic composition of CH, (§°H-CH, or 8D-CH,,
—326 + 4%o) than CH, from the primary lagoon (8*C-CH, = —50.1 + 0.2%o, 8°’H-CH, = —263 + 4%o). The
differences in the isotopic signatures of these samples indicate that CH, generated from cell 1 may be explained
primarily by acetate fermentation, but CH, generated from the primary lagoon may have undergone further
processes such as partial oxidation or CO, reduction. Substrate depletion may also explain this variation, but ad-
ditional measurements of 8!*C of volatile solids or CO, concentrations would be needed to confirm isotopically
fractionated substrates. During acetate fermentation, CH, and CO, are commonly formed simultaneously. Reduc-
tion of CO, may further transform the generated CO, into CH,. In the influential study conducted by Whiticar
et al. (1986), CH, generated from pure acetate fermentation resulted in 8'3C-CH, ranging from —60 to —33%o,
whereas CH, from pure CO, reduction had §'*C-CH, values ranging from —110 to —60%.. However, bacterial
oxidation in the substrate may affect these pathways before being emitted to the atmosphere, and consequently
enrich 1*C values of CH,. Measurements of 8’H-CH, can provide information about partial oxidation since this
process enriches 8!*C-CH, and §*°H-CH, values (Coleman et al., 1981). Possible explanations for the subtle dif-
ferences of the manure isotopic signatures between seasons at the reference site may be influenced by changes in
diet composition of the milking cows, substrate depletion, perturbations in the lagoon (e.g., high wind conditions,
precipitation events, mechanical removal of solids), or a combination of these factors. A future study examining
8BC and 8’H of CH, and 8'*C-CO, from dairy manure lagoon waste is necessary to confirm the dominant pro-
cesses contributing to the enriched 8'*C ., signatures from California dairy manure lagoons.

Isotopic signatures of CH, from enteric fermentation depend on the C isotopic ratio of foods, specifically with the
proportion of plants with C3 and C4 photosynthetic pathways in cattle diets (Bilek et al., 2001; Levin et al., 1993;
Metges et al., 1990; Schulze et al., 1998). A diet consisting mostly of C3 plants (e.g., wheat) has been shown to
generate more depleted 613CCH4 than a diet of C4 plants (e.g., maize; Levin et al., 1993; Schwietzke et al., 2016).
A database of studies found that ruminants fed a diet of more than 60% C4 plants emit CH, with §'*C, signa-
tures of —54.6 + 3.1%o, whereas ruminants fed a C3 diet emit CH, with 8'3C, signatures of —69.4 + 3.1%o
(Schwietzke et al., 2016). This ~15%o difference is about the same difference between 8'3C of C3 and C4 feeds.
Furthermore, there is a ~41%o difference between feed and CH, regardless of ruminant species and diet (Schaefer
& Whiticar, 2008). Future studies could explore the relationship between diet and CH,, isotope composition across
seasons from different cattle production groups. To improve source apportionment of regional CH, emissions in

CARRANZA ET AL.

11 of 15



AT
NI Journal of Geophysical Research: Biogeosciences

ADVANCING EARTH
AND SPACE SCIENCE

10.1029/2021JG006675

T T T

13 -
§"3C .= 571 4 3.4%
R?=0.60

Q

Footprint (g/m3)/(g/s) —

R ] i : 042 044 046 |
1/[CH,] (ppm™)

0.48 0.50 0.52

(c) 13

|8 7Cgyy = 44.5%0 £ 1.6%0 ]
o R?=0.16
(%]
S~
® ]
=
[a2]
= ]
~o
0
+—
C
=
o
)
)
o
L‘_ —_

2.49 - 2.69 " i i i
® 270-2.90 0.3 0.35 0.4 0.45
® 291-3.11 1/[CH,] (ppm™)

Figure 5. Examples of flux footprints from CH, hotspots downwind of other dairy farms. (a) Methane flux footprint of Dairy I on 25 June 2019 using the mobile
survey (colored points). The color gradient shows the relative contribution from the upwind areas where CH, was emitted. (b) Keeling plot using 15-s averages from
the mobile survey shown in (a). (c) Methane flux footprint of Dairy III on 25 June 2019 using the mobile survey. (d) Keeling plot using 15-s averages from the mobile

survey shown in (c).

top-down studies, it is important to consider direct measurements of 8'*C,, of enteric methane given that it
varies depending on diet composition.

We have shown that 8'*C measurements of atmospheric CH, using a mobile platform can be used for source
attribution of enteric and manure methane. Our findings show that CH, from manure lagoons is more enriched
in 8'C than CH, from enteric fermentation across seasons on average by 14 + 2%o. This has implications to
track the effectiveness of mitigation strategies by measuring 8'*C .y, to quantify enteric: Manure ratios over time.

Table 5

Comparison of Isotopic Signatures From Relevant Studies in California

Region Enteric 8'3C-CH, (%o) Manure §'3C-CH, (%0) Overall (%o)? Reference

Los Angeles Basin —64.6 to —60.2 —52.4 to —50.3° —65.0 to —50.2 Townsend-Small et al. (2012)
Los Angeles Basin —65 -57 —65 to —45 Viatte et al. (2017)

San Joaquin Valley —69.7 + 0.6 to —51.6 + 0.1 —49.5 + 0.1 to —40.5 + 0.2 —69.7 + 0.6 to —40.5 + 0.2 This study

aReported values from manure digester facility. *Overall range from reported observations downwind from dairy facilities.
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In addition, this study contributes to a body of knowledge dedicated to investigating the sources and processes
responsible for the increasing global mole fraction of atmospheric methane. Future work could explore whether
813Cyy, signatures change with mitigation efforts. Additional measurements using 8'*C and 8°H of CH, and §'*C-
CO, could elucidate which methane generation processes drive manure lagoon emissions. Major differences in
8BCyy, from dairy farms among regions underscore the importance of 8'°C,, measurements at local scales for
global analyses.
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