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The atmospheric methane (CH4) burden is rising sharply, but the causes are still not well
understood. One factor of uncertainty is the importance of tropical CH4 emissions into the
global mix. Isotopic signatures of major sources remain poorly constrained, despite their
usefulness in constraining the global methane budget. Here, a collection of new δ13CCH4

signatures is presented for a range of tropical wetlands and rice fields determined from air
samples collected during campaigns from 2016 to 2020. Long-term monitoring of δ13CCH4 in
ambient air has been conducted at the Chacaltaya observatory, Bolivia and Southern Botswana.
Both long-term records are dominated by biogenic CH4 sources, with isotopic signatures
expected from wetland sources. From the longer-term Bolivian record, a seasonal isotopic
shift is observed corresponding to wetland extent suggesting that there is input of relatively
isotopically light CH4 to the atmosphere during periods of reduced wetland extent. This new
data expands the geographical extent and range of measurements of tropical wetland and
rice δ13CCH4 sources and hints at significant seasonal variation in tropical wetland δ13CCH4

signatures which may be important to capture in future global and regional models.
This article is part of a discussion meeting issue ‘Rising methane: is warming feeding

warming? (part 2)’.

1. Introduction
The atmospheric methane (CH4) burden began again increasing in 2007, after some years of
stability, and the growth rate accelerated in 2014 [1,2]. Concurrently, atmospheric methane’s
δ13CCH4 has trended towards lighter (13C-depleted) values, implying a significant shift in the
balance of sources and sinks of CH4 [2]. Several hypotheses have been postulated for the cause of
the isotopic shift and can be summarized as one or a combination of the following: (i) a change in
the oxidative capacity of the atmosphere [3], (ii) changes in the relative strengths of anthropogenic
sources, such as changes to agriculture, waste and fossil fuel emissions with an overall net effect
of increasing emissions (e.g. [4,5]) (iii) an increase in natural sources such as wetlands, potentially
as a feedback effect from regional climatic change (e.g. [1]). There is still a large gap between
top down and bottom up CH4 total global emissions calculations, with much of the uncertainty
within the wetlands and other natural emissions categories [6].

The stable isotopic composition of methane can be a very useful diagnostic tool as δ13CCH4

(and δDCH4 ) varies depending upon the processes involved in production and transportation
prior to release to the atmosphere (e.g. [7]). In general terms, background air is measured as
δ13CCH4 ∼ −47‰, and global bulk CH4 inputs are estimated at approximately −53‰ [2]. The
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discrepancy between global input average and global background average is due to fractionation
from sinks, with OH destruction of CH4 expected to be responsible for the majority of the 6‰
shift [8]. Biogenic sources are depleted in 13C, with δ13CCH4 signatures in the −70 to −50‰
range for sources such as ruminants [9], wetlands [10] and rice fields [11]. Thermogenic and
pyrogenic sources, such as fossil fuel emissions, biomass burning and geological seeps are
generally enriched in 13C, with δ13CCH4 signatures as enriched as −15‰ for some biomass
burning events [12]. Extreme δ13CCH4 variability exists on very local scales due to variation in
vegetation cover, hydrology, microbial communities, etc.; however, bulk emissions from wide-
area wetlands do appear to give stable δ13CCH4 signatures [13] which are suitable as inputs into
models.

Recent studies using global models of CH4 isotopes to discern global sources of CH4 have
demonstrated the need for better spatial resolution of δ13CCH4 source signature data. This is
needed to reduce significant biases from assumptions of geographically invariable δ13CCH4 source
signatures [10,14]. Much of the knowledge gap is located in the tropical regions, with very
little information for Africa and South America in particular. Previously, Sherwood et al. [15],
Brownlow et al. [16] and Feinberg et al. [14] have collated various aspects of the tropical δ13CCH4

source signatures together, but it is clear from these studies that there are still large regions where
little to no studies have taken place.

Long-term global monitoring of δ13CCH4 is primarily from background stations sampling
the boundary layer at remote oceanic sites participating in the NOAA collaborative flask
measurement programme. There is very little δ13CCH4 isotopic information from inland
tropical continental landmasses in South America, Africa or South Asia. This lack of regular
measurements of δ13CCH4 makes long-term and seasonal assessment of regional source input
difficult to elucidate from the δ13CCH4 record. Shorter term time-series records have been
demonstrated to be useful in determining regional CH4 source input, such as natural gas leaks in
central London [17] or the importance of industrial and fossil CH4 in Hungary [18].

In this work, we aim to extend the knowledge base of tropical CH4 source signatures for
wetlands and rice fields from a range of field campaigns undertaken since 2016, creating a new
working database from which global models can be populated with increased spatial resolution.
We also show the value in long-term δ13CCH4 sample collection at the Chacaltaya observatory,
Bolivia, allowing us to analyse the data record for seasonal trends in CH4 input from the
Amazonian region.

2. Methods
Air samples were collected as part of a range of field campaigns between 2016 and 2020,
throughout two Natural Environmental Research Council (NERC) projects, MOYA (Methane
Observations and Yearly Assessment) and ZWAMPS (Zambian sWAMPS—quantifying methane
emissions in remote tropical settings). Samples were either collected as part of dedicated ground
sampling, or as part of airborne measurements investigating specific regional emission features.
Air samples were subsequently returned to Royal Holloway for δ13CCH4 stable isotope analysis.

(a) Ground-based sampling
Ground-based sampling is targeted sampling with the intention of collecting emissions from an
identified methane source. At each ground sampling location air is collected in either 3 L SKC
Tedlar bags or 3 L SKC Flexfoil bags, using a battery-operated pump. Bags are filled at varying
distances downwind of the targeted source being sampled, at a height of between 30 cm and
3 m height above ground. Ideally, upwind samples are also taken to provide a measure of the
background airmass into which the source methane is mixing. The location of ground sample
sites measured here is shown in a global context in figure 1, alongside the locations of sites used
for comparison. A summary of each location of each site is shown in electronic supplementary
material, table S1.



4

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A380:20200449

...............................................................

0 1000 km

Figure 1. Global map to show data coverage from tropical wetland sampling campaigns with reported δ13CCH4 source
signatures. Yellow—this study (including aircraft campaigns), orange—Brownlow et al. [16], purple—summary from data
collated within Sherwood et al. [15], blue—other. (Online version in colour.)

(i) African sampling sites

1. Botswana. There are two sites in Botswana’s Okavango Delta. Ikoga, in Northern
Botswana, is a village located approximately 170 km NW of Maun on the western side
of the Panhandle of the Okavango Delta. Sampling took place at the water’s edge of a
lagoon at Ikoga Camp (an island during the wet season) (18°48′ S, 22.47′ E) and at Nxaraga
(19°32′ S, 23°10′ E), located at the SW edge of Chief’s Island in Moremi Game Reserve.
This site is a seasonal floodplain and is typically flooded for six to eight months per year.
The vegetation of the floodplain, which is dominated by C4 grasses (e.g. Panicum repens,
Cynodon dactylon, Sporobolus spicatus), attracts many types of herbivores and is grazed for
most of the year.

2. Zimbabwe. The Monovale Vlei is a seasonal wetland approximately 500 ha in extent,
located in the western suburbs of the City of Harare (17°48′ S, 31°00′ E) and was declared
Ramsar Site No. 2107 in 2013. Rehabilitated and protected by a local conservation society
(COSMO) the open grassland fringed by miombo woodland has regained its biodiversity
supporting a wide spectrum of fauna and flora, including sedges and reeds.

3. Zambia. Wetland reed beds on the Ngwerere River were sampled (15°18′ S, 28°18′ E).
These are reed and papyrus-dominated wetlands north of Lusaka.

4. Uganda. Wetland marshes, fringing Lake Victoria. Samples were collected near Entebbe
(0°02′ N, 32°28′ E), on the northern coast of Lake Victoria.

(ii) South American sampling sites

Three wetland sampling sites were chosen in northeast Bolivia’s Amazonian basin, in the Llanos
de Moxos region of flooded plains and savannah. The region consists of savannahs dominated by
mixed C4 and C3 grasses and graminoid, aquatic and marshland plants; different types of forest
islands, open forest and low spiny shrubs [19]. The region is subjected to seasonal flooding with a
delay between the month with maximum precipitation, January, and the peak of maximum river
discharge (February–March) [20].
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1. Reyes lies in the transition between the sub-Andean Amazon forests and Llanos de
Moxos. Air samples were collected in July 2016 from a wetland close to the riverbed
approximately 5 km SE of Reyes town (14°20′12′′ S, −67°17′24′′ W) which represents the
transition between sub-Andean Amazon forests and Moxos flooded plains.

2. Samples from the Moxos plains were taken in a 40 km transect between Trinidad city
(14°48′29′′ S, 64°54′14′′ W, 130 m.a.s.l.).

3. The northern edge of Laguna Cuitarama (14°27′58′′ S, 64°50′40′′ W) during 2017 and 2019.
In this area, the landscape has been modified by pre-Colombian cultures to raise beds,
terraces, channels and dykes at large scale [19]. Samples were taken at the wetland edges
at the end of the wet season (March 2017 and 2019) typically at the peak of flooded area
in the region [20] and in May 2017.

(iii) Asian sampling sites

1. Hong Kong. Yi O Rice Fields are located at the southwestern tip of the largely
undeveloped Lantau island (22°16′ N, 113°59′ E) 30 km from downtown Hong Kong. The
rice paddies are on the floor of an uninhabited steep-sided valley and are organically
cultivated using standard Chinese long-grain rice varieties. Samples were taken above
fallow, freshly planted and mature crops. A series of air samples were taken from
managed reedbeds at the Mai Po Wetlands (22°29′ N, 114°2′ E) at the mouth of the Sham
Chun, Shan Pui and Kam Tin rivers that empty into Deep Bay along the Hong Kong
S.A.R. border with Shenzhen.

2. Vietnam. Sampled rice fields are located approximately 10 km south of Ho Chi Minh City
at the northeastern edge of the Mekong delta region, the primary rice cultivation area in
Vietnam (10°42′ N, 106°40′ E). Samples were collected post-harvest during the dry season
(late March 2019).

(b) Airborne sampling
The airborne sampling took place over wide-area wetlands in both South America and Africa.

1. Bolivia. Airborne sampling for isotopic analysis was performed on two flight campaigns.
In March 2019 air samples were obtained flying within the planetary boundary layer
above the large Llanos de Moxos flooded plains [19] in Northern Bolivia. Air samples
were manually collected into 3 L Tedlar bags from air taken directly into the twin-otter
aircraft through an external air inlet [21]. Samples were collected at a range of methane
concentrations above the wetland region, with no obvious other significant potential local
sources of CH4 observable from the aircraft.

2. Zambia and Uganda. In February 2019, air samples were collected in stainless-steel flasks
during flights above three large wetland areas in Zambia; Bangweulu, Lukanga and
Kafue and in Uganda at Lake Kyoga. These campaigns were completed using the BAE-
146 FAAM (Facility for Airborne Atmospheric Measurement) aircraft as the sampling
platform. Sampling strategy was to collect from a range of locations and altitudes above
and downwind from the wetlands, with 12–19 samples collected for each wetland.

(c) Regional time-series sites
By contrast to the targeted wetland sampling, samples were collected for longer-term regional
background measurements of methane mole fraction and δ13CCH4 at sites in the Bolivian Andes
and in Botswana. The sampling period from Bolivia was 6 years from 2013 to 2019 and the
Botswana sampling was over 18 months from late 2016 to mid-2018. The Chacaltaya GAW Station
(CHC) is located in the eastern branch of the Bolivian Andes (Cordillera Real) at 5240 m.a.s.l.,
16°21′12′′ S 68°07′53′′ W. Chacaltaya is a mountain with a horizon open to the south and west
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facing the Altiplano (plateau of 3800 m.a.s.l.) and close to Titicaca Lake. To the east, the Amazon
Basin starts at high peaks which progressively change to Yungas, sub-Andean Amazon forests
and lowlands. Sampling occurred on a weekly basis from an inlet at 6 m height above ground
level. The Botswana long-term site was at Modipane, a village located approximately 25 km east
of the capital Gaborone in SE Botswana, which has a semi-arid environment, and is located
approximately 75 km ESE of the Kalahari Desert. The sampling site at Modipane is located at the
southeastern edge of the village, near to arable fields. Sampling occurred on a weekly basis using
a hand-held sampling technique following the same protocol as in the ground-based sampling
(§2a) with an inlet at approximately 3 m height.

(d) Laboratory analysis
Samples collected in Tedlar bags and stainless-steel flasks are both treated to the same laboratory
analysis procedure. First, the samples are analysed for methane mole fraction using a Picarro
1301 calibrated to the WMO X2004A CH4 scale. Samples are flushed through the Picarro for 120 s
to ensure no contamination from previous sampling, and then analysed for 120 s. The mean of
the 120 s of analysis (approx. 12 measurements) is calculated as the measured value. Precision is
approximately 0.5 ppb for both Tedlar bags and stainless-steel flasks. Samples are then prepared
for isotopic analysis (δ13CCH4 ) by continuous-flow isotope-ratio mass spectrometry using an
Isoprime Trace Gas system [22]. Samples are run in triplicate, with precision of approximately
0.05‰ (precision is determined for each sample). Values of δ13CCH4 are reported on the standard
international isotope VPDB (Vienna Pee Dee Belemnite) scale. An internal secondary standard is
analysed through the day to allow correction for instrumental drift.

(e) Determination of δ13CCH4 source signatures
In order to determine the 13CCH4 isotopic source signature for the various source types a Keeling
plot regression is used [23]. For each location, δ13CCH4 are plotted against the inverse of the CH4
mixing ratio to allow determination of the δ13CCH4 value at the y-intercept which represents the
δ13CCH4 of the methane added to the natural background. This is represented mathematically
in equation (2.1) and has been successfully applied in numerous studies to determine methane
source signatures (e.g. [13,16,24]).

δ13Ca = cb(δ13Cb − δ13Cs) ×
(

1
ca

)
+ δ13Cs, (2.1)

where ca is the measured atmospheric concentration of methane, cb is the atmospheric
background concentration of methane, δ13Ca is the measured atmospheric isotopic composition,
δ13Cb is the background atmospheric isotopic composition and δ13Cs is the source isotopic
composition.

For sites where multiple days or campaigns were conducted to sample the same source (such
as the Hong Kong rice fields and wetlands, and the Nxaraga site in the Okavango Delta) a
Miller–Tans approach was used [25] (2.2). The longer-term records of δ13C from background
sites at Chacaltaya, Bolivia and from Modipane, Botswana were analysed using a Miller–Tans
methodology [25] adapted for interrogating long-term periodic sampling. In a traditional Miller–
Tans source determination method, a suitable background is determined for each period of
sampling. As that is not feasible for periodic sampling, each point is ascribed a background
sample to allow the calculation in equation (2.2). The background sample chosen is the most
recent local minimum from within the last 60 days. This allows for seasonal and long-term
changes to be taken into account in the δ13C and CH4 mixing ratio record rather than assuming
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a fixed atmospheric background which would be the case in using a Keeling methodology for
this purpose. Miller–Tans methodology allows investigation into both the bulk isotopic input of
CH4 to a fixed site, as well as being able to interrogate the data for seasonal and longitudinal
trends.

δ13Cobs × cobs = δ13Cs × cobs − cbg(δ13Cbg − δ13Cs), (2.2)

Where δ13C is the measured isotopic composition of the methane, c is the mixing ratio of the
methane, bg, obs and s refer to background, observations and source, respectively.

3. Results and discussion

(a) Ground-based wetland data
The calculated source signatures are grouped into two categories—individual source signatures
(wetlands, table 1; rice fields, table 2) and bulk area isotopic signatures from aircraft and regional
fixed site measurements (table 3). These are presented alongside a review of previously measured
tropical source signatures of the same type. The new individual studies reported here add to the
limited range of previous studies, increasing the confidence of the isotopic values which should
be considered for regional and global modelling inputs.

We obtained δ13CCH4 source signature values in the range of −57.4 ± 1‰ to −54.2 ± 1‰ for
seasonal Bolivian wetlands, −62.7 ± 2.4‰ for reed bed Hong Kong wetlands, −54.2 ± 0.9‰ for
Lake Victoria edge papyrus wetlands and −58.3 ± 1.7‰ to −56.2 ± 1.9‰ for seasonal Zimbabwe
wetlands. Table 1 places the range of individual wetland δ13CCH4 source signatures in the
context of previously reported values. A single exceptional δ13CCH4 measurement of −31.4‰
was obtained at Ikoga Camp, Botswana. The presence of such an isotopically heavy signature
in a wetland sample has only been recorded once before at a Kenyan wetland dominated
by papyrus [29]. This relatively 13C rich methane may be indicative of smoke input from a
fire. Previous studies in the Okavango have reported subsurface peat fires which may explain
these anomalous results [41]. Repeat sampling was undertaken at Okavango Delta sites across
several seasons (electronic supplementary material, figure S1), but the data showed inconclusive
source signatures from these further studies, with field observations noting the presence of burnt
papyrus indicating that biomass burning events may indeed be responsible for the heavier isotope
source signatures. The measured tropical wetlands here are compared with the most established
database of δ13CCH4 source signatures from Sherwood et al. [15] and Brownlow et al. [16] in
figure 2.

(b) Bulk wetland—aerial data collection
The bulk wetland studies using aerial methods appear to have a slightly more depleted source
signature than those collected at wetland edges for the same wetlands in Zambia (table 3). The
wetlands studied by aircraft sampling are larger and have a permanent wetland extent. The large
wetlands in Zambia give a range of −62.1 ± 2.3‰ to −59.7 ± 0.7‰, the Bolivian Llanos de Moxos
bulk signature is −58.7 ± 1.9‰ and the Ugandan Lake Kyoga wetland a signature of −52.2 ± 2‰.
The heavier isotopic source signature reported for Ugandan wetlands may be due to differences
in the ratio of C3–C4 vegetation compared to the Bolivian and Zambian wetlands, as an increase
in C4 plants such as papyrus would be expected to lead to a heavier isotopic source signature
compared to a C3 reeds and grasses dominated wetland [12,43]. It should also be noted that
the δ13C scatter within the Keeling plots for the Llanos de Moxos and Lukanga (Zambia) may
indicate that there are variable δ13CCH4 inputs to the atmosphere from these large area wetlands
(figure 3). The variable inputs could be due to changes in vegetation type or due to water level
variation throughout the wetland, as reported for Amazonian basin wetlands in Pangala et al. [44].
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Table 1. Summary of tropical isotopic source signatures from ground-based sampling of wetlands along with tropical isotopic
source signatures for wetlands fromBrownlow et al. [16] and relevant data from the compilation of source signature datawithin
Sherwood et al. [15]. Codes for errors quoted are s.d., standard deviation. s.e., standard error.½ range, half of measurement
range frommultiple sources.

country category δ13CCH4 error type reference sampling period

Brazil floodplain −58.5 1.9 1 s.e. [26] Apr, Aug, Dec 1985–1988
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Brazil floodplain −54 7.3 1 s.d. [27] July–Aug 1985–1987
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Brazil floodplain −63.9 0.6 1/2 of range [28] June 1981
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kenya lake −48 2.5 1 s.d. [29] Apr 1986
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kenya river −54.2 0.4 1/2 of range [29] Apr 1986
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kenya swamp −61.7 0.5 1/2 of range [29] Apr 1986
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kenya papyrus marsh −31.2 n.a. n.a. [29] Apr 1986
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Panama multiple sources −61.9 3.2 1 s.d. [30] year-round
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Thailand river −68.3 3.1 1 s.d. [31] year-round 1990–1992
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Thailand swamp −65.4 5.6 1 s.d. [31] year-round 1990–1992
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA estuary −65.7 3 1 s.d. [32] Aug–Jan 1984–1985
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA lake −61.5 6.1 1 s.d. [32] Aug–Jan 1984–1985
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA marsh −61.7 3.6 1 s.d. [33] year-round 1986–1987
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA marsh −63.1 0.2 1 s.d. [34] Dec 1985
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA marsh −68.1 2 1/2 of range [34] Dec 1985
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA marsh −70.1 1.8 1 s.d. [34] Dec 1985
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA marsh −63.5 1 1 s.d. [34] Dec 1985
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA everglade flooded marsh
(oxidation)

−57.3 3.6 1 s.d. [35] Oct, Jan, Mar 1989–1992

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA everglade flooded marsh
(no oxidation)

−63.1 2.6 1 s.d. [35] Oct, Jan, Mar 1989–1992

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong marsh −52.3 0.7 1 s.d. [16] June 2016
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Uganda papyrus swamp −53.0 0.4 1 s.d. [16] May 2014
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Costa Rica coastal floodplain
freshwater marsh

−53.3 1.7 1 s.d. [16] Feb 2016

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Uganda freshwater wetland −58.7 4.1 1 s.d. [16] May 2014
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bolivia freshwater wetland −59.7 1.0 1 s.d. [16] Feb 2014
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong marsh −60.2 0.4 1 s.d. [16] June 2016
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Borneo forest wetland −61.5 2.9 1 s.d. [16] Aug 2015
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

South Africa freshwater wetland −61.5 0.1 1 s.d. [16] Dec 2014
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bolivia seasonal wetland −57.4 1.0 1 s.d. this work July 2016
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bolivia seasonal wetland −55.8 0.6 1 s.d. this work Mar 2017
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bolivia seasonal wetland −54.3 0.8 1 s.d. this work May 2017
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bolivia seasonal wetland −55.5 4.5 2 s.d. this work Mar 2019
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong reeded wetlands −62.7 2.1 1 s.d. this work Mar 2018
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Uganda lake edge wetland −54.2 0.9 1 s.d. this work Jan 2019
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(Continued.)
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Table 1. (Continued.)

country category δ13CCH4 error type reference sampling period

Zambia riverine reeded wetland −59.6 2.0 1 s.d. this work Jan 2019
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zimbabwe wetland plains −58.3 1.7 1 s.d. this work Feb 2017
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zimbabwe wetland plains −56.2 1.9 1 s.d. this work Apr 2020
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Botswana seasonal wetland −56.3 1.1 2 s.d. this work Aug 2017
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Botswana seasonal wetland −31.4 5.1 2 s.d. this work Feb 2017
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2. Summary of tropical isotopic source signatures for rice paddies from thiswork and a review of previous published data.
See table 1 for error abbreviations.

location δ13CCH4 error type reference sampling year and information

China −63.8 4.9 1 s.d. [36] 1995 during growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Japan −65.8 3.8 2 s.d. [37] 1990/1991 during growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Japan −63.1 4.9 1 s.d. [37] 1990/1991 during growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Japan −55.9 4.2 1 s.d. [38] 1989 throughout season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Japan −59.6 3.4 1 s.d. [38] 1989 throughout season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Kenya −59.4 1.9 1 s.d. [29] 1986 growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Thailand −54 5.9 1 s.d. [31] 1990–1992 throughout
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA −64.5 1 1/2 range [39] 1991 July growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

USA −63.2 2.9 1 s.d. [40] 1987 May–June growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong −58.7 0.4 1 s.d. [16] June 2016 growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong −59.0 0.4 1 s.d. [16] June 2016 growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong −59.1 0.8 1 s.d. this work Yi O Rice 2017 growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong −57.2 0.4 1 s.d. this work Yi O Rice 2018 growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong −58.2 1.7 1 s.d. this work Yi O Rice 2019 growing season
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hong Kong −57.0 0.3 2 s.d. this work Yi O Rice 16–20 combined dataset
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Vietnam −62.4 3.0 1 s.d. this work Ho Chi Min City post-harvest
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

No significant sources of CH4 other than wetlands were noted or seen in any of the ancillary
atmospheric chemistry measurements where samples were taken for isotopic analysis during the
flights.

(c) Rice paddies
The rice paddies of Hong Kong were measured over four separate seasons from 2016 [16] to 2019.
The resulting individual source signatures give a range of −59.1 ± 0.8‰ to −57.2 ± 0.4‰ and the
composite Miller–Tans result gives an overall δ13CCH4 source signature of −57.1 ± 0.3‰ (table 2).
The lack of interannual variability in the rice signature suggests that the bulk CH4 atmospheric
input from rice fields is consistent and that a δ13CCH4 source signature of −57.1 ± 0.3‰ is
consistent through time. A single snapshot study from drying Vietnam rice fields gives a source
signature of −62.4 ± 3‰, which is more depleted but with considerably greater uncertainty.
Previously recorded data on rice fields δ13CCH4 from Brownlow et al. [16] and Sherwood et al.
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Figure 2. Summary box and whisker plot to allow comparison of source signatures for tropical wetlands and rice fields in this
work with literature data compiled in figure 1 from within Sherwood et al. [15], Brownlow et al. [16] and Beck et al. [42] for rice
fields and tropical wetlands δ13CCH4 source signatures. (Online version in colour.)

Table 3. Summary of bulk tropical isotopic source signatures using aircraft and long-term observations studies for wetlands
from this work and a review of previous published data. Errors are quoted to 1 s.d. Bolivia aerial wetland studies conducted in
March 2019. Zambia and Uganda aerial studies conducted in February 2019.

country category δ13CCH4 error type method summary

Bolivia bulk wetland −58.7 1.9 1 s.d. aircraft sampling—Keeling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bolivia long-term regional −59.0 1.3 1 s.d. Miller–Tans
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Uganda bulk wetland aerial −52.2 1.0 1 s.d. Keeling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zambia wetland bulk aerial −59.7 0.7 1 s.d. aircraft sampling—Keeling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zambia wetland bulk aerial −60.0 1.2 1 s.d. aircraft sampling—Keeling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Zambia wetland bulk aerial −62.1 2.3 1 s.d. aircraft sampling—Keeling
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Botswana long-term regional −55.4 4.6 1 s.d. Miller–Tans
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

[15] (table 2) gives an average signature of approximately −61 ± 4‰ for all rice fields, which is
consistent with the new data presented here in figure 2.
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Figure 3. Keeling plots from aerial measurements to determine source signatures of bulk fluxes from Bolivian and Zambian
wetlands. Dashed lines represent 1 s.d. confidence interval in the linear regression. Colours of the regression and uncertainties
match the symbol colours of the sample locations. (Online version in colour.)

(d) Time-series regional data
Longer-term time-series monitoring of δ13CCH4 at both Modipane, Botswana and at Chacaltaya,
Bolivia are shown in electronic supplementary material, figure S2. The results of Miller–Tans
analysis for these two sites shows regional bulk input of methane is dominated by biogenic
sources. Bulk averaged input using all available data for Modipane is −55.4 ± 4.6‰ and
−59.0 ± 1.3‰ for Chacaltaya. These results match well with their respective in-country seasonal
wetland measurements of −56.3 ± 1.1‰ for Botswana (table 1) and the measurements from the
extensive Bolivian wetlands during the wet season of −58.7 ± 1.9‰ (table 3). However, when
the data is split into seasonal bins of wet season, dry season and transition season, the CH4
isotopic input measured at Chacaltaya appears seasonally dependent with much lighter isotopic
input occurring in the dry and transition seasons compared to the wet season with a seasonal
variability of 18‰ (figure 4). This variability indicates that there are subtleties to the seasonal
regional bulk input of methane which are not currently accounted for or well understood. The
dataset for Modipane only covers 18 months and is not a substantial enough dataset to infer
seasonality.

Detailed Weather Research and Forecasting (WRF) model back trajectory analysis from
Chacaltaya observatory was conducted previously over a 5-year period [45]. The back trajectories
show a seasonal variability in air mass origins, with a greater dry season input of air masses from
the Peruvian sector, mainly from the Altiplano, and a larger input from the Bolivian lowland
plains in the wet season. These features are also captured to some extent in the coarser resolution
composite 4-year HYSPLIT back trajectory analysis shown in figure 5.
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dotted lines are 95% bands and uncertainties quoted on the source signature are to 95% confidence. (Online version in colour.)

(e) Potential mechanisms of seasonal variation
Seasonal shifts in the δ13C of methane likely reflect differences in wetland methane production,
oxidation and emissions pathways throughout the year. The Bolivian Llanos de Moxos
wetlands experience an extremely strong seasonal cycle in inundation, with inundated area
changing by over an order of magnitude seasonally, as well as large interannual variability in
inundation [20,46]. The resulting changes in water table depth and duration of flooding, and
variation in C inputs all have the potential to influence methane production and oxidation. In
diffusion dominated environments, variation in the rate of methane oxidation is likely to be a
primary control on the δ13C of emitted CH4 [47]. However, seasonal shifts in δ13CCH4 are not
limited to diffusive emissions; for example, Smith et al. [48] also observed a seasonal shift of over
10‰ in the δ13C of CH4 emitted from macrophytes in the Orinoco River floodplain, correlated
with strong seasonality in water level and methane emissions.

Variability in air mass origins does not explain the isotopically very negative δ13CCH4 source
signatures seen in the Bolivian data. Such very light values suggest some emissions come directly
from biological sources without intervening methanotrophic oxidation during egress from water
or soil, because methanotrophic removal selectively removes isotopically light carbon, causing
selective enrichment in the remaining methane and resulting emissions. One possibility is that
tree-mediated emissions in Amazonia, with a δ13CCH4 source signature as light as −76.3 ± 0.9‰
[44], are a potential source of the sampled isotopically light methane. Thus, variation in the water
table, and therefore the amount of oxidation of CH4 prior to emission may be an important control
on the isotopic flux to the atmosphere from these expansive tropical wetlands.

The observed seasonal shifts in δ13C might also reflect changes in the distribution of
wetland types responsible for the methane emissions. For example, the permanently inundated
wetlands may differ from the seasonally inundated wetlands in key environmental parameters
including pH, vegetation type and nutrient status. These environmental parameters in turn
control the relative proportion of acetoclastic versus hydrogenotrophic methanogenesis, and the
resulting δ13C of CH4 produced [49]. More 13C-enriched CH4 is expected where acetoclastic
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Figure 5. HYSPLIT back trajectory frequency analysis from the Chacaltaya observatory, Bolivia. Station altitude 5240 m.a.s.l.
Trajectories created using 2.5° NCEP 6-hourly re-analysis data and are a composite of 120 h back trajectories taken every 6 h
from 2014 to 2017 inclusive. Only periods where the airmass was within the lowest 1000 m of the atmosphere are considered.
(Online version in colour.)

methanogenesis dominates, with more depleted CH4 found in nutrient poor environments where
CO2 reduction dominates. For example, methane as depleted as −94‰ was observed in the
porewater of an ombrotrophic peatland in Panama [49], and similar values have been observed in
porewater in Borneo and Peru [50]. Thus, seasonal changes in δ13C could result from a changing
relative contribution of different wetland types within a wetland complex throughout the year.

Additionally, there may be seasonal shifts in the primary methane emissions pathways, with
varying contributions from tree stem emissions, below-ground transport of dissolved gases,
surface diffusion and ebullition. Diffusive emissions are much more likely to be highly oxidized,
resulting in a more enriched δ13C [47]. By contrast, ebullition, belowground transport and tree
emissions offer more direct emissions pathways which may bypass opportunities for oxidation,
resulting in a more depleted δ13C signature [44]. Thus, given the strong seasonality in the
processes driving methane emissions from tropical wetlands, more seasonal measurements of
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the δ13C of methane emitted from tropical wetland complexes is needed to determine the extent
to which the bulk signature is affected. Although it is not possible from the data obtained here to
determine fluxes, the flux-weighted δ13C signature is not anticipated to be overlysignificantly
weighted towards the wet season, with data from Miller et al. [51] indicating that strong
enhancements in CH4 have been measured in the Amazon Basin in both the wet and dry seasons.
Recent modelling by Tunnicliffe et al. [52] estimates wetland emissions for Brazil from 2010 to 2018
to be approximately twice as strong in the wet season as for the dry season. Using the Tunnicliffe
et al. [52] monthly wetland flux estimates for weighting, a flux-weighted δ13C source signature for
Chacaltya due to wetland methane is calculated as −61.5 ± 4.1‰ (equation 3.1). This compares
well with the overall non-seasonally split δ13C source signature for Chacaltya determined from
the long-term record of −59.0 ± 1.3‰.

δ13C(flux–weighted) = [(δ13Cdry × CH4(dry–flux)) + (δ13Ctransition × CH4(transition–flux))

+ (δ13Cwet × CH4(wet–flux))]/CH4(flux–annual), (3.1)

where δ13Cdry, δ13Ctransition and δ13Cwet are taken from values in figure 4 and CH4(dry−flux),
CH4(transition−flux) and CH4(wet−flux)) are the corresponding monthly average wetland fluxes
derived for Amazon wetlands from 2010 to 2018 [52].

The importance of understanding the seasonal variation of the isotopic signal emitted to
the atmosphere will be key in coupling the subsurface processes driving the production and
transportation of methane within the wetlands and the methane fluxes to the atmosphere from
wetlands—a key component of the global methane budget.

4. Conclusion
The importance of tropical wetlands to the global methane budget is well established, but the role
that wetlands play in the current increase in global methane mixing ratios is still under debate.
Continued work to understand the isotopic composition of wetland emissions is important to
improve the accuracy of global models using δ13CCH4 to determine the causes behind the recent
global methane atmospheric growth. The results here show that rice emission δ13CCH4 signatures
appear to be very stable on an interannual basis and that generalized value of −61 ± 4‰ for
rice is a reasonable model input. There appears to be good agreement in bulk wetland emissions
from similar latitudes from both South America and Africa during the periods of peak wetland
extent, with values of approximately −60 ± 5‰ as a recommended generalized value for the
outer tropical wetlands from the wide-area aerial wetland sampling. The more papyrus rich
tropical wetlands of the Okavango and Uganda appear to have an isotopically heavier δ13CCH4

signature, with a bulk wetland signature of approximately −52 ± 2‰ measured above Ugandan
wetlands indicating that relatively small (on a global scale) latitudinal and climatic changes in
the tropics have a significant effect on δ13CCH4 signatures. The values reported here for the bulk
outer tropical wetland δ13CCH4 signatures appear lighter than expected when comparing to the
global map shown in Ganesan et al. [10] and also generally lighter than sampling occurring at
wetland edges. As regional and global models look to use isotopic trends to better understand
the global methane budget, gaps and nuance in the δ13CCH4 signature records used as model
inputs should not be overlooked. Continuing to fill in the unknowns in the tropical methane
δ13CCH4 source signature record remains a priority, as data is currently extrapolated over vast
geographical ranges, especially in Central and Northern Africa and Australasia where data are
incredibly limited.

The influence of seasonality in the tropical wetland δ13C signature requires further
investigation, ideally through targeted, longer-term campaigns to measure time series of
emissions from tropical wetlands through several seasonal cycles. The long-term data from
Chacaltaya shows strong seasonal isotopic differences, but the variability in the data cannot
conclusively be tied to wetland emissions. Seasonal changes to soils and sediments would be
expected to result in seasonal changes to the δ13CCH4 source signatures of bulk atmospheric
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emissions from tropical wetlands, but there is no conclusive evidence to demonstrate the
effect occurs or by how much. Improving the understanding of the latitudinal variability and
seasonality of wetland emissions is key to being able to isotopically balance the δ13CCH4 budget
in global models. Further work investigating isotopic signatures from extensive permanent and
seasonal wetlands over multiple years is now an important target to allow us to understand the
large-scale seasonality of wetland emissions and the processes that control them.

Data accessibility. Data will be available via the MOYA project CEDA database (https://catalogue.ceda.ac.uk/
uuid/dd2b03d085c5494a8cbfc6b4b99ca702) and via the corresponding author. The data are provided in the
electronic supplementary material [53].
Authors’ contributions. The manuscript was primarily written by J.L.F., R.E.F. and A.M.H. Supporting material
and site descriptions provided by R.E.F., D.L., M.L., P.B.R.N.-J., M.F.A., I.M., G.F., D.O., C.H., U.S., M.S., T.J.B.
and E.G.N. Fieldwork and sample collection was organized and performed by J.L.F., R.E.F., D.L., P.B.R.N.-J.,
M.F.A., I.M., G.F., D.O., C.H., U.S., M.S., T.J.B., M.G., J.R.P., D.P., S.J.-B.B., G.A., K.B., M.C.D., S.E.W., A.E.J.,
E.G.N. Laboratory analysis and data preparation was performed by J.L.F., R.E.F., D.L. and M.L. E.G.N. was
Principal Investigator on the MOYA and ZWAMPS projects.
Competing interests. The authors declare that they have no competing interests.
Funding. We thank the UK Natural Environment Research Council for Grants to EGN: NE/N016238/1 MOYA.
The Global Methane Budget 2016–2020, NE/S00159X/1 ZWAMPS Quantifying methane emissions in remote
tropical settings: a new 3D approach. NE/P019641/1, New methodologies for removal of methane from
the atmosphere, NE/M005836/1 Methane at the edge: jointly developing state-of-the-art high-precision
methods to understand atmospheric methane emissions and NE/K006045/1 Investigation of the Southern
Methane Anomaly: causes, implications and relevance to past global events. The Vietnam sampling was
carried out under the NERC Newton Fund project for DO ‘A Two City study of Air Quality in Vietnam’
(NE/P014771/1).
Acknowledgements. We thank Ambassador Ross Denny for initial Seedcorn support and funding. We are very
grateful to the Air Crew of the British Antarctic Survey who supported the Bolivian campaign, and Dan
Beeden in securing all necessary flight permissions. We would like to thank Airtask Ltd, especially Mo Smith
and David Simpson and all those involved in the operation and maintenance of the BAe-146-301 Atmospheric
Research Aircraft including FAAM, UK Research and Innovation (UKRI) and the University of Leeds. Stephen
Andrews and Stuart Young in York, who developed and tested the new sWAS system for the FAAM aircraft.
Mark Stephens is very grateful to the University of Botswana (UB) for a research grant that funded transport,
accommodation and field assistants to sample methane in Botswana. He is also thankful to the Department of
Environmental Science at UB for the generous use of the departmental vehicle for the fieldwork. Kentsenao
Tlalang and Innocent Ndaba (both UB) are thanked for their assistance in the field. We would also like to
thank the camp owners at Ikoga for facilitating the visit and to the guides there for their help in the field.
We thank Duong Huu Huy and Nguyen Doan Thien Chi for help with sample collection in Vietnam. We
thank Prof. Gray Williams, Cecily Law and the staff of the Swire Institute for Marine Science at the University
of Hong Kong for their very generous help and support, and Alan Wong and the Yi O rice growers and
Martin Williams for their kind hospitality and collaboration. Zambian field work was in partnership with
the Geological Survey of Zambia, whose generous help is much appreciated. In Uganda, we thank Solomon
Mangeni and the Uganda National Meteorological Authority.

References
1. Nisbet EG et al. 2016 Rising atmospheric methane: 2007–2014 growth and isotopic shift. Global

Biogeochem. Cycles 30, 1356–1370. (doi:10.1002/2016GB005406)
2. Nisbet EG et al. 2019 Very strong atmospheric methane growth in the 4 years 2014–

2017: implications for the Paris Agreement. Global Biogeochem. Cycles 33, 318–342.
(doi:10.1029/2018gb006009)

3. Rigby M et al. 2017 Role of atmospheric oxidation in recent methane growth. Proc. Natl Acad.
Sci. USA 114, 5373–5377. (doi:10.1073/pnas.1616426114)

4. Jackson RB et al. 2020 Increasing anthropogenic methane emissions arise
equally from agricultural and fossil fuel sources. Environ. Res. Lett. 15, 071002.
(doi:10.1088/1748-9326/ab9ed2)

5. Schaefer H et al. 2016 A 21st-century shift from fossil-fuel to biogenic methane emissions
indicated by 13CH. Science 352, 80–84. (doi:10.1126/science.aad2705)

https://catalogue.ceda.ac.uk/uuid/dd2b03d085c5494a8cbfc6b4b99ca702
https://catalogue.ceda.ac.uk/uuid/dd2b03d085c5494a8cbfc6b4b99ca702
http://dx.doi.org/10.1002/2016GB005406
http://dx.doi.org/10.1029/2018gb006009
http://dx.doi.org/10.1073/pnas.1616426114
http://dx.doi.org/10.1088/1748-9326/ab9ed2
http://dx.doi.org/10.1126/science.aad2705


16

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A380:20200449

...............................................................

6. Saunois M et al. 2020 The global methane budget 2000–2017. Earth Syst. Sci. Data 12, 1561–1623.
(doi:10.5194/essd-12-1561-2020)

7. Whiticar MJ. 1999 Carbon and hydrogen isotope systematics of bacterial formation and
oxidation of methane. Chem. Geol. 161, 291–314. (doi:10.1016/S0009-2541(99)00092-3)

8. Saueressig G, Crowley JN, Bergamaschi P, Brühl C, Brenninkmeijer CAM, Fischer H. 2001
Carbon 13 and D kinetic isotope effects in the reactions of CH4 with O(1 D) and OH: new
laboratory measurements and their implications for the isotopic composition of stratospheric
methane. J. Geophys. Res.: Atmos. 106, 23 127–23 138. (doi:10.1029/2000JD000120)

9. Chang J, Peng S, Ciais P, Saunois M, Dangal SRS, Herrero M, Havlík P, Tian H, Bousquet
P. 2019 Revisiting enteric methane emissions from domestic ruminants and their δ13CCH4
source signature. Nat. Commun. 10, 3420. (doi:10.1038/s41467-019-11066-3)

10. Ganesan AL, Stell AC, Gedney N, Comyn-Platt E, Hayman G, Rigby M, Poulter B, Hornibrook
ERC. 2018 Spatially resolved isotopic source signatures of wetland methane emissions.
Geophys. Res. Lett. 45, 3737–3745. (doi:10.1002/2018gl077536)

11. Zhang G, Ma J, Yang Y, Yu H, Shi Y, Xu H. 2017 Variations of stable carbon
isotopes of CH4 emission from three typical rice fields in China. Pedosphere 27, 52–64.
(doi:10.1016/S1002-0160(15)60096-0)

12. Dlugokencky EJ, Nisbet EG, Fisher R, Lowry D. 2011 Global atmospheric methane: budget,
changes and dangers. Phil. Trans. R. Soc. A 369, 2058–2072. (doi:10.1098/rsta.2010.0341)

13. Fisher RE et al. 2017 Measurement of the 13C isotopic signature of methane
emissions from northern European wetlands. Global Biogeochem. Cycles 31, 605–623.
(doi:10.1002/2016gb005504)

14. Feinberg AI, Coulon A, Stenke A, Schwietzke S, Peter T. 2018 Isotopic source signatures:
impact of regional variability on the δ13CH4 trend and spatial distribution. Atmos. Environ.
174, 99–111. (doi:10.1016/j.atmosenv.2017.11.037)

15. Sherwood OA, Schwietzke S, Arling VA, Etiope G. 2017 Global inventory of gas geochemistry
data from fossil fuel, microbial and burning sources, version 2017. Earth Syst. Sci. Data 9,
639–656. (doi:10.5194/essd-9-639-2017)

16. Brownlow R, Lowry D, Fisher RE, France JL, Lanoisellé M, White B, Wooster MJ, Zhang T,
Nisbet EG. 2017 Isotopic ratios of tropical methane emissions by atmospheric measurement.
Global Biogeochem. Cycles 31, 1408–1419. (doi:10.1002/2017gb005689)

17. Zazzeri G, Lowry D, Fisher RE, France JL, Lanoisellé M, Grimmond CSB, Nisbet EG. 2017
Evaluating methane inventories by isotopic analysis in the London region. Sci. Rep. 7, 1–3.
(doi:10.1038/s41598-017-04802-6)

18. Varga T, Fisher RE, France JL, Haszpra L, Jull AJT, Lowry D. 2021 Identification of potential
methane source regions in Europe using 13CCH4 measurements and trajectory modeling.
J. Geophys. Res. Atmos. 126, e2020JD033963. (doi:10.1029/2020JD033963)

19. Ibisch P, Beck S, Gerkmann B, Carretero A. 2004 Biodiversity: the richness of Bolivia. State
of knowledge and conservation. Santa Cruz de la Sierra, Bolivia: Ministry of Sustainable
Development, Fundación Amigos de la Naturaleza (FAN).

20. Hamilton SK, Sippel SJ, Melack JM. 2004 Seasonal inundation patterns in two large savanna
floodplains of South America: the Llanos de Moxos (Bolivia) and the Llanos del Orinoco
(Venezuela and Colombia). Hydrol. Processes 18, 2103–2116. (doi:10.1002/hyp.5559)

21. France JL et al. 2021 Facility level measurement of offshore oil and gas installations
from a medium-sized airborne platform: method development for quantification
and source identification of methane emissions. Atmos. Meas. Tech. 14, 71–88.
(doi:10.5194/amt-14-71-2021)

22. Fisher R, Lowry D, Wilkin O, Sriskantharajah S, Nisbet EG. 2006 High-precision,
automated stable isotope analysis of atmospheric methane and carbon dioxide using
continuous-flow isotope-ratio mass spectrometry. Rapid Commun. Mass Spectrom. 20, 200–208.
(doi:10.1002/rcm.2300)

23. Keeling CD. 1961 The concentration and isotopic abundances of carbon dioxide in rural and
marine air. Geochim. Cosmochim. Acta 24, 277–298. (doi:10.1016/0016-7037(61)90023-0)

24. France JL et al. 2016 Measurements of δ13C in CH4 and using particle dispersion modeling
to characterize sources of Arctic methane within an air mass. J. Geophys. Res.: Atmos. 121,
14 257–14 270. (doi:10.1002/2016jd026006)

http://dx.doi.org/10.5194/essd-12-1561-2020
http://dx.doi.org/10.1016/S0009-2541(99)00092-3
http://dx.doi.org/10.1029/2000JD000120
http://dx.doi.org/10.1038/s41467-019-11066-3
http://dx.doi.org/10.1002/2018gl077536
http://dx.doi.org/10.1016/S1002-0160(15)60096-0
http://dx.doi.org/10.1098/rsta.2010.0341
http://dx.doi.org/10.1002/2016gb005504
http://dx.doi.org/10.1016/j.atmosenv.2017.11.037
http://dx.doi.org/10.5194/essd-9-639-2017
http://dx.doi.org/10.1002/2017gb005689
http://dx.doi.org/10.1038/s41598-017-04802-6
http://dx.doi.org/10.1029/2020JD033963
http://dx.doi.org/10.1002/hyp.5559
http://dx.doi.org/10.5194/amt-14-71-2021
http://dx.doi.org/10.1002/rcm.2300
http://dx.doi.org/10.1016/0016-7037(61)90023-0
http://dx.doi.org/10.1002/2016jd026006


17

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A380:20200449

...............................................................

25. Miller JB, Tans PP. 2003 Calculating isotopic fractionation from atmospheric measurements at
various scales. Tellus B 55, 207–214. (doi:10.3402/tellusb.v55i2.16697)

26. Devol AH, Richey JE, King SL, Lansdown J, Martinelli LA. 1996 Seasonal variations
in the 13C-CH4 of Amazon floodplain waters. SIL Commun. 1953–1996 25, 173–178.
(doi:10.1080/05384680.1996.11904078)

27. Quay PD, King SL, Lansdown JM, Wilbur DO. 1988 Isotopic composition of methane released
from wetlands: implications for the increase in atmospheric methane. Global Biogeochem. Cycles
2, 385–397. (doi:10.1029/GB002i004p00385)

28. Tyler SC, Blake DR, Rowland FS. 1987 13C/12C ratio in methane from the flooded Amazon
forest. J. Geophys. Res.: Atmos. 92, 1044–1048. (doi:10.1029/JD092iD01p01044)

29. Tyler SC, Zimmerman PR, Cumberbatch C, Greenberg JP, Westberg C, Darlington JPEC.
1988 Measurements and interpretation of δ13C of methane from termites, rice paddies,
and wetlands in Kenya. Global Biogeochem. Cycles 2, 341–355. (doi:10.1029/GB002i004p0
0341)

30. Tyler SC. 1989 13C/12C Ratios in atmospheric methane and some of its sources. In Stable
isotopes in ecological research (eds PW Rundel, JR Ehleringer, KA Nagy), pp. 395–409. New
York, NY: Springer New York.

31. Nakagawa F, Yoshida N, Sugimoto A, Wada E, Yoshioka T, Ueda S, Vijarnsorn P. 2002 Stable
isotope and radiocarbon compositions of methane emitted from tropical rice paddies and
swamps in Southern Thailand. Biogeochemistry 61, 1–19. (doi:10.1023/A:1020270032512)

32. Burke RA, Sackett WM. 1986 Stable hydrogen and carbon isotopic compositions of biogenic methanes
from several shallow aquatic environments. 189. National meeting of the American Chemical
Society. Washington, DC: American Chemical Society.

33. Burke Jr RA, Barber TR, Sackett WM. 1988 Methane flux and stable hydrogen and carbon
isotope composition of sedimentary methane from the Florida Everglades. Global Biogeochem.
Cycles 2, 329–340. (doi:10.1029/GB002i004p00329)

34. Chanton JP, Pauly GG, Martens CS, Blair NE, Dacey JWH. 1988 Carbon isotopic composition
of methane in Florida Everglades soils and fractionation during its transport to the
troposphere. Global Biogeochem. Cycles 2, 245–252. (doi:10.1029/GB002i003p00245)

35. Happell JD, Chanton JP, Whiting GJ, Showers WJ. 1993 Stable isotopes as tracers of methane
dynamics in Everglades marshes with and without active populations of methane oxidizing
bacteria. J. Geophys. Res.: Atmos. 98, 14 771–14 782. (doi:10.1029/93JD00765)

36. Bergamaschi P. 1997 Seasonal variations of stable hydrogen and carbon isotope ratios
in methane from a Chinese rice paddy. J. Geophys. Res.: Atmos. 102, 25 383–25 393.
(doi:10.1029/97JD01664)

37. Tyler SC, Brailsford GW, Yagi K, Minami K, Cicerone RJ. 1994 Seasonal variations in methane
flux and δl3CH4 values for rice paddies in Japan and their implications. Global Biogeochem.
Cycles 8, 1–12. (doi:10.1029/93GB03123)

38. Uzaki M, Mizutani H, Wada E. 1991 Carbon isotope composition of CH4 from rice paddies in
Japan. Biogeochemistry 13, 159–175. (doi:10.1007/BF00002775)

39. Chanton JP, Whiting GJ, Blair NE, Lindau CW, Bollich PK. 1997 Methane emission from rice:
stable isotopes, diurnal variations, and CO2 exchange. Global Biogeochem. Cycles 11, 15–27.
(doi:10.1029/96GB03761)

40. Wahlen M et al. 1989 Carbon-14 in methane sources and in atmospheric methane: the
contribution from fossil carbon. Science 245, 286–290. (doi:10.1126/science.245.4915.286)

41. Ellery WN, Ellery K, McCarthy TS, Cairncross B, Oelfose R. 1989 A peat fire in the
Okavango Delta, Botswana, and its importance as an ecosystem process. Afr. J. Ecol. 27, 7–21.
(doi:10.1111/j.1365-2028.1989.tb00924.x)

42. Beck V et al. 2012 Methane airborne measurements and comparison to global models during
BARCA. J. Geophys. Res.: Atmos. 117, D15310. (doi:10.1029/2011jd017345)

43. Keppler F, Hamilton JTG, Braß M, Röckmann T. 2006 Methane emissions from terrestrial
plants under aerobic conditions. Nature 439, 187–191. (doi:10.1038/nature04420)

44. Pangala SR et al. 2017 Large emissions from floodplain trees close the Amazon methane
budget. Nature 552, 230–234. (doi:10.1038/nature24639)

45. Chauvigné A et al. 2019 Biomass burning and urban emission impacts in the Andes Cordillera
region based on in situ measurements from the Chacaltaya observatory, Bolivia (5240 ma.s.l.).
Atmos. Chem. Phys. 19, 14 805–14 824. (doi:10.5194/acp-19-14805-2019)

http://dx.doi.org/10.3402/tellusb.v55i2.16697
http://dx.doi.org/10.1080/05384680.1996.11904078
http://dx.doi.org/10.1029/GB002i004p00385
http://dx.doi.org/10.1029/JD092iD01p01044
http://dx.doi.org/10.1029/GB002i004p00341
http://dx.doi.org/10.1029/GB002i004p00341
http://dx.doi.org/10.1023/A:1020270032512
http://dx.doi.org/10.1029/GB002i004p00329
http://dx.doi.org/10.1029/GB002i003p00245
http://dx.doi.org/10.1029/93JD00765
http://dx.doi.org/10.1029/97JD01664
http://dx.doi.org/10.1029/93GB03123
http://dx.doi.org/10.1007/BF00002775
http://dx.doi.org/10.1029/96GB03761
http://dx.doi.org/10.1126/science.245.4915.286
http://dx.doi.org/10.1111/j.1365-2028.1989.tb00924.x
http://dx.doi.org/10.1029/2011jd017345
http://dx.doi.org/10.1038/nature04420
http://dx.doi.org/10.1038/nature24639
http://dx.doi.org/10.5194/acp-19-14805-2019


18

royalsocietypublishing.org/journal/rsta
Phil.Trans.R.Soc.A380:20200449

...............................................................

46. Reis V, Hermoso V, Hamilton SK, Bunn SE, Fluet-Chouinard E, Venables B, Linke S. 2019
Characterizing seasonal dynamics of Amazonian wetlands for conservation and decision
making. Aquat. Conserv.: Mar. Freshw. Ecosyst. 29, 1073–1082. (doi:10.1002/aqc.3051)

47. Happell JD, Chanton JP, Showers WS. 1994 The influence of methane oxidation on the stable
isotopic composition of methane emitted from Florida swamp forests. Geochim. Cosmochim.
Acta 58, 4377–4388. (doi:10.1016/0016-7037(94)90341-7)

48. Smith LK, Lewis WM, Chanton JP, Cronin G, Hamilton SK. 2000 Methane
emissions from the Orinoco River floodplain, Venezuela. Biogeochemistry 51, 113–140.
(doi:10.1023/A:1006443429909)

49. Holmes ME, Chanton JP, Tfaily MM, Ogram A. 2015 CO2 and CH4 isotope compositions
and production pathways in a tropical peatland. Global Biogeochem. Cycles 29, 1–18.
(doi:10.1002/2014GB004951)

50. Hoyt A et al. 2020 Isotopic insights into methane production and emission in
diverse amazonian peatlands. In 22nd EGU General Assembly, 4–8 May. id.12960.
2020EGUGA..2212960H.

51. Miller JB, Gatti LV, d’Amelio MTS, Crotwell AM, Dlugokencky EJ, Bakwin P, Artaxo P, Tans
PP. 2007 Airborne measurements indicate large methane emissions from the eastern Amazon
basin. Geophys. Res. Lett. 34, L10809. (doi:10.1029/2006gl029213)

52. Tunnicliffe RL et al. 2020 Quantifying sources of Brazil’s CH4 emissions between 2010 and 2018
from satellite data. Atmos. Chem. Phys. 20, 13 041–13 067. (doi:10.5194/acp-20-13041-2020)

53. France JL et al. 2021 δ13C methane source signatures from tropical wetland and rice field
emissions. Figshare. (https://doi.org/10.6084/m9.figshare.c.5680384)

http://dx.doi.org/10.1002/aqc.3051
http://dx.doi.org/10.1016/0016-7037(94)90341-7
http://dx.doi.org/10.1023/A:1006443429909
http://dx.doi.org/10.1002/2014GB004951
http://dx.doi.org/10.1029/2006gl029213
http://dx.doi.org/10.5194/acp-20-13041-2020
https://doi.org/10.6084/m9.figshare.c.5680384

	Introduction
	Methods
	Ground-based sampling
	Airborne sampling
	Regional time-series sites
	Laboratory analysis
	Determination of =0pt13C=0ptCH=0pt4 source signatures

	Results and discussion
	Ground-based wetland data
	Bulk wetland---aerial data collection
	Rice paddies
	Time-series regional data
	Potential mechanisms of seasonal variation

	Conclusion
	References

