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Abstract Tropical and subtropical forests are believed to be the largest source of methyl chloride (CH3Cl),
which is a natural stratospheric ozone destroyer. However, very little is known about what controls the rate of
emission from these forests or why biogenic CH3Cl emission is concentrated in the tropics and subtropics.
In this study, we investigated the seasonal and spatial variations of the rate of CH3Cl emission from the fern
Osmunda japonica, which has a broad distribution covering the subtropical, temperate, and subboreal
climate zones. The average rates of CH3Cl emission from the fern were similar (~1–4μg g(dw)�1 h�1) among
three areas, and there was no significant seasonal change in the temperate zone, although the rate was highly
variable among individual plants. These findings suggest that meteorological climate such as temperature
and solar radiation is not a major environmental factor controlling biogenic CH3Cl emission of individual
plants, but species with high CH3Cl emission activity are more abundant in tropical and subtropical zones. We
also found that developmental stage might be an important factor controlling biogenic CH3Cl emission rates.
These results have implications for predicting future global CH3Cl emission budgets and for understanding
of the plant-atmosphere interaction.

1. Introduction

Methyl chloride (CH3Cl) is the most abundant halocarbon in the troposphere, and it is a natural stratospheric
ozone depleter [Montzka et al., 2011]. The global rate of CH3Cl emission is estimated to be 3–4 Tg yr�1

[Lee-Taylor et al., 2001; Yoshida et al., 2004; Xiao et al., 2010], based on its average mixing ratio (550 parts
per trillion) and its atmospheric lifetime of 1.0–1.2 years. Among its various sources, tropical forests are
likely the largest contributor [Yokouchi et al., 2000, 2002], followed by biomass burning [Lobert et al., 1999],
oceans [Khalil et al., 1999], salt marshes [Rhew et al., 2000; Rhew et al., 2002], and industry [McCulloch et al.,
1999]. The major mechanism of biogenic CH3Cl production is enzymatic, where a chloride
methyltransferase is used to transfer a methyl group from S-adenosyl methionine to a halide ion
[Wuosmaa and Hager, 1990; Rhew et al., 2003], but the major factors regulating the emission rate are not
well understood. Abiotic production of CH3Cl in plant material, where pectine is acting as a methyl donor,
has also been reported [Hamilton et al., 2003; Wishkerman et al., 2008], but its contribution to the global
budget of CH3Cl is uncertain [Clerbaux and Cunnold, 2007].

A considerable number of tropical and subtropical species have been identified as CH3Cl emitters,
including tree ferns and dipterocarps [Yokouchi et al., 2006, 2007; Saito et al., 2008; Blei et al., 2010b].
CH3Cl emission rates from strongest CH3Cl-emitting plants among them are in the range of a few
μg g(dw)�1 h�1. On a forestal scale, several field studies have shown CH3Cl fluxes of 9.5~33 μgm

�2 h�1

from tropical or subtropical forests [Yokouchi et al., 2007; Gebhardt et al., 2008; Saito et al., 2008]. In
the temperate and cooler climate areas, however, very few CH3Cl emitters have been identified,
except for halophytic plants growing in salt marshes. Highly variable CH3Cl emission rates have been
reported for salt marshes (<0.4 to 1220 μgm�2 h�1; units are converted from the original papers),
depending on vegetation types and locations [Rhew et al., 2000; Rhew et al., 2002; Blei et al., 2010b;
Rhew et al., 2014].

Recently, we found that the fern Osmunda japonica (Osmundaceae) collected from the temperate
zone emits CH3Cl at a rate of a few μg g(dw)�1 h�1. Osmunda japonica is a common large fern in the
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moist woodlands of eastern Asia, and its congener Osmunda banksiifolia has been identified as one of
strongest CH3Cl emitters among subtropical plants [Yokouchi et al., 2007]. Osmunda japonica is
noteworthy in having a broad natural distribution spanning the subtropical, temperate, and subboreal
climate zones, making it possible to study the rate of CH3Cl emission from one species under different
climate conditions.

In this study, we examined the seasonal and spatial variations of the O. japonica CH3Cl emission rate and
investigated its controlling factors. Osmunda cinnamomea, which grows in the cool-temperate climate
zone [Hiura, 2001], was also studied for comparison. A better understanding of the effect of climate on
biogenic CH3Cl emission would allow improved evaluation of its global flux, and ultimately of its
contribution to the stratospheric ozone depletion, under past and future climate conditions.

2. Experiment
2.1. Study Sites

Leaf samples of O. japonicawere collected from three areas across Japan: Tomakomai (42.6°N, 141.6°E), in the
cool-temperate zone; Tsukuba (36.0°N, 140.1°E), in the temperate zone; and lowland Yakushima (30.3°N,
130.5°E), in the subtropical zone. Samples of O. cinnamomea were also collected in Tomakomai. In
Tomakomai, samples were collected at the Tomakomai Experimental Forest of Hokkaido University. In
Tsukuba, samples were collected at three sites on the grounds of the National Institute for Environmental
Studies (NIES): a channel (or waterway) site and wooded sites A and B. Most intensive measurements were
done at wooded site B, where several O. japonica plants grow densely in an area of ~15m2. In Yakushima,
samples were collected at five sites along the periphery of the island. Sampling sites and dates are listed
in Table 1.

Table 1. CH3Cl Emission Rate From Osmunda japonica and Osmunda cinnamomea

Sampling Site Sampling Date
Temperaturea

(Daily Mean, °C)
Number
of Plants

Number of
Pinnule
Samplesb

(μg g(dw)�1 h�1)

Mean Standard Deviation Maximum Minimum

Osmunda japonica
Tomakomai Experimental forest 10/6/2013 14.5 4 14 0.09 0.07 0.28 0.005

15/8/2013 23.0 4 12 1.4 1.6 4.6 <0.001
8/9/2014 19.7 4 8 2.9 1.2 4.7 1.3

Tsukuba Channel site 14/9/2012 26.7 3 8 2.3 3.4 9.3 0.02
21/9/2012 22.1 2 20 3.6 1.3 5.7 0.67
22/5/2013 20.9 2 3 2.7 1.3 4.0 1.4

Wooded site A 23/5/2013 19.2 2 5 1.7 1.9 5.2 0.4
Wooded site B 11/7/2013 29.1 2 9 5.2 2.0 8.4 1.9

20/8/2013 29.2 8 15 4.1 1.5 6.1 1.1
8/10/2013 23.1 6 25 6.0 1.1 7.4 4.1
31/10/2013 13.6 7 18c 3.4 1.0 5.1 1.7

17–18/6/2014 23.5 5 35 3.7 1.7 7.3 1.3
24/6/2014 20.4 1 32d 2.9 0.3 3.4 2.1
26/8/2014 22.4 1 11e 4.3 0.5 5.4 3.6
9/9/2014 22.3 1 2 4.8 0.2 4.9 4.6
8/10/2014 17.5 2 3 3.5 0.2 3.7 3.3

Yakushima Five island sites 31/5 to 1/6/2014 22.1f 9 16 5.6 5.0 13.3 0.02
19/7/2014 26.3f 10 20 1.5 3.5 15.2 <0.001

Osmunda cinnamomea
Tomakomai Experimental forest 10/6/2013 14.5 2 4 0.08 0.03 0.11 0.05

15/8/2013 23.0 4 12 2.9 1.3 4.4 0.6
8/9/2014 19.7 4 8 2.2 0.4 2.7 1.6

aCited from Japan Meteorological Agency website.
bObviously young pinnule samples are excluded.
cOf which 10 samples are from one frond.
dAll samples are from one pair of pinnae, half kept outdoors overnight (~18°C) and the other half kept in the laboratory (~25°C).
eAll samples are from two pinnae of one frond. Eight pinnules were used for a preliminary storage test under dark and natural light conditions.
fTemperature close to site 1.
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2.2. Sampling and Analysis of
CH3Cl Emission

Rates of CH3Cl emission from leaves
were measured using a vial method,
as described previously [Yokouchi
et al., 2007]. Briefly, one to a few
detached pinnules (i.e., the secondary
division of a pinnate leaf of a fern;
see Figure 1) were put in a 40mL
screw-cap septum vial, which was
sealed with a Teflon-lined septum.
After transport to the laboratory
at NIES (usually 1–3 days after
sampling), 100μL of the headspace
gas in the vial was collected using a
gas-tight syringe and analyzed by gas
chromatography/mass spectrometry
(Agilent 6890/5973). The pinnules
were then dried overnight at 80°C to
obtain their dry weight. The rate of
CH3Cl emission was calculated from
the measured concentration of CH3Cl
in the vial, the weight of the dried
pinnules (dw), and the elapsed
time between sealing the vial and
analyzing the headspace gas.

A preliminary study using leaves of
Cyathea lepifera and Shorea guiso
showed that CH3Cl emission rates

derived by this method were close to those based on the bag-enclosure method, although the emission
rate in the vial gradually decreased over a few days [Yokouchi et al., 2007]. To test the applicability of the
method to O. japonica, we stored eight vial samples containing a pinnule in each, using Mininert
push-button valves (Supelco) for repetitive syringe collections. Three of the vial samples were kept in the
dark, and the other five were kept by the window and received indoor and outdoor light in the daytime.
There was no significant difference in emission rates between the two groups, and the calculated rates of
CH3Cl emission decreased by 5.6% (±0.3%) per day relative to the initial rates. Therefore, the emission
rates for the samples reported here are corrected for this decrease.

The number of plants and number of vial samples at each observation are listed in Table 1, together with
the daily mean ambient temperature at the collection site. In most of the experiments, pinnule samples
were collected randomly, with the exception of some samples from Tsukuba: 10 of the Tsukuba 31
October 2013 samples (see Table 1) were collected from one frond. Tsukuba 24 June 2014 samples
were all collected from a pair of opposing pinnae (corresponding to A and B in Figure 1), each having
eight pairs of pinnules; one of each pair of pinnules (corresponding to A-1 and B-1 in Figure 1) was
kept outside overnight (~18°C) before the analyses, and the others (corresponding to A-2 and B-2 in
Figure 1) remained in the laboratory (~25°C). Tsukuba 26 August 2014 samples were all collected
from two pinnae of one frond; eight of those 11 samples are the ones used for the storage test
described above.

2.3. Measurements of Chloride Ion Concentration in the Pinnules

We measured the content of chloride (Cl�) in the pinnules of all the June and August samples from
Tomakomai and of several samples from Tsukuba and Yakushima covering a wide range of measured
CH3Cl emission rates. Samples dried after CH3Cl measurement were ground, and 5–15mg of each was
stirred in a glass flask with 100mL of ultrapure water and then extracted ultrasonically for 15min. The

Figure 1. Schematic diagram of structure ofOsmunda japonica. A-1, A-2, B-1,
and B-2 show grouping of samples from a pair of opposing pinnae (see text).
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suspension was filtered through a 0.22μm Millipore Millex-GV filter, and the extracts were analyzed for Cl�

with a Metrohm ion chromatograph (model 761 compact IC; Metrohm, Herisau, Switzerland). The Cl�

concentration was quantified against a standard solution (Wako, Anion Mixture Standard Solution 1), with
a column (SI–90 4E Shodex, Showa Denko, Tokyo, Japan) equipped with a suppressor having an eluent of
1.8mM Na2CO3 + 1.7mM NaHCO3 [Miyazaki et al., 2010].

3. Results and Discussion

The seasonal variations of CH3Cl emission rates from O. japonica growing in Tomakomai, Tsukuba, and
lowland Yakushima and from O. cinnamomea in Tomakomai are plotted on a linear scale in Figure 2a. The
rates of CH3Cl emission from the apparently young (soft and light colored for O. japonica; not unfolded for
O. cinnamomea) pinnules were clearly lower, and these data were excluded from the following statistical
analyses. The mean, standard deviation, and range of values for each sample (excluding the apparently
young pinnules) are listed in Table 1, and the mean emission rates are also plotted in Figure 2b on a
logarithmic scale.

The overall mean rates of CH3Cl emission from O. japonica were 1.5(±1.4)μg g(dw)�1 h�1 at Tomakomai,
3.7 (±1.2)μg g(dw)�1 h�1 at Tsukuba, and 3.6 (±2.9)μg g(dw)�1 h�1 at lowland Yakushima, and that from
O. cinnamomea at Tomakomai was 1.7(±1.5)μgg(dw)�1 h�1. All these rates are comparable to or somewhat
higher than the rates reported for CH3Cl-emitting plants in tropical and subtropical regions [Yokouchi et al.,
2002, 2007; Saito et al., 2008].

3.1. Variation of CH3Cl Emission From O. Japonica at the Pinnule, Frond, and Plant Levels

The CH3Cl emission rates of all the pinnules from a pair of pinnae (16 pinnules per pinna, corresponding to A
and B in Figure 1) were very similar to each other, with an average of 2.9μg g(dw)�1 h�1 and a coefficient of
variation (CV) of 11% (Tsukuba 24 June 2014). There was no significant difference between the average of

Figure 2. Seasonal variation of CH3Cl emission rates from (left) Osmunda japonica and (right) Osmunda cinnamomea from
Tsukuba (orange, channel site; pink, wooded site A; red, wooded site B), Tomakomai (blue), and lowland Yakushima (green).
The square symbols indicate the data from apparently young pinnules. (a) All data on a linear scale and (b) mean from
each observation on a logarithmic scale.
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each pinna in the pair (2.90 and 2.82μg g(dw)�1 h�1) or between the averages of the samples kept at
different temperatures (2.81μg g(dw)�1 h�1 for the pinnules kept outside overnight at ~18°C and 2.91μg g
(dw)�1 h�1 for those kept in the laboratory at ~25°C).

Such similarity was also found at the frond level, with a CV of 12% for 11 pinnules randomly collected from a
frond (Tsukuba 26 August 2014). However, the emission rates of the pinnules from different fronds on a plant
showed higher variability (25%–44%, Tsukuba 21 September 2012).

At the level of individual plants, high variability (CV= 100%–200%, ranging a few orders of magnitude) was
found among samples collected from five sites on Yakushima and among samples collected in Tomakomai
in June and August. However, the variability among four or five plants collected at wooded site B in
Tsukuba (20 August 2013, 8 October 2013, and 17–18 June 2014) and in Tomakomai in September was no
more than 50%. Such high variability of the rates of CH3Cl emission from different plants of the same
species was previously reported for CH3Cl-emitting plants in the subtropical zone [Yokouchi et al., 2007].

3.2. Seasonal Variation of CH3Cl Emission Rate

The nine data sets from Tsukuba wooded site B cover most of the growing season of O. japonica in this area.
The mean CH3Cl emission rate at each observation ranged from 2.9 to 6.0μg g(dw)�1 h�1, with a CV of 23%,
and they showed no seasonal trend (red symbols in Figure 2b). There was no significant correlation (R=0.5,
P= 0.16) between themean emission rate and the daily mean ambient temperature (13.6–29.2°C). Even when
adding the data from the other two sites at Tsukuba (channel site and wooded site A), we still found little
seasonal trend in the CH3Cl emission rate (Figure 2b). These findings suggest there is no direct influence of
ambient temperature on the rate of CH3Cl emission from O. japonica.

However, at Tomakomai, where measurements were done in June, August, and September, both O. japonica
and O. cinnamomea showed an obvious seasonal change in the CH3Cl emission rate: it was much lower on
the coolest day (14.5°C, 10 June 2013; O. japonica: 0.09μg g(dw)�1 h�1 and O. cinnamomea: 0.08μg g
(dw)�1 h�1) than in August and September (O. japonica: 1.4 and 2.9μg g(dw)�1 h�1 and O. cinnamomea:
2.9 and 2.2μg g(dw)�1 h�1) (Table 1 and Figure 2b). This result seems to conflict with those from Tsukuba,
where no effect of temperature on the CH3Cl emission was seen even on a cooler day (13.6°C, 31 October
2013; O. japonica: 3.4μg g(dw)�1 h�1). Rather than external environmental factors such as temperature,
developmental stage of leaves might explain the seasonal variation of the CH3Cl emission rate from the
ferns at Tomakomai, where fern sprout in spring occurs much later than at Tsukuba. The average dry
weights of a pinnule in June (33mg for O. japonica and 65mg for O. cinnamomea) were much less than
those in August and September (39 and 54mg, respectively, for O. japonica and 106 and 119mg for
O. cinnamomea). Low emission of CH3Cl from young ferns is consistent with our finding of extremely low
emission from apparently young pinnules (see section 3, first paragraph).

Seasonal variation in CH3Cl emission (higher in summer than in winter) has been found in saltmarsh plants
[Blei et al., 2010a; Manley et al., 2006; Rhew et al., 2000, 2014]. In most cases, however, these values were
normalized to marsh area, and are affected by aboveground plant biomass, making it difficult to compare
the results with ours. Biomass-normalized rates of methyl halide emission from salt marsh were reported
only by Manley et al. [2006], who suggested that flowering events or metabolism affected the CH3Cl
emission rates rather than temperature.

3.3. Comparison of CH3Cl Emission Rates Among Climate Zones

As stated above, the overall means of CH3Cl emission from O. japonica were 1.5μg g(dw)�1 h�1 at
Tomakomai, 3.7μg g(dw)�1 h�1 at Tsukuba, and 3.6μg g(dw)�1 h�1 at Yakushima. These values are fairly
similar to each other, considering that the three sites are situated in different climate zones. They are also
close to the average rate of CH3Cl emission from O. cinnamomea at Tomakomai (1.7μg g(dw)�1 h�1) and
from O. banksiifolia on Iriomote Island (subtropical; 24.3°N, 123.8°E) measured in a previous study (1.1μg g
(dw)�1 h�1) [Yokouchi et al., 2007]. O. banksiifolia grows mainly in tropical and subtropical regions. These
findings suggest that meteorological climate such as temperature and solar radiation is not an important
environmental factor controlling CH3Cl emission. The lack of seasonality of CH3Cl emission in the
temperate zone also supports this idea. Little effect of solar radiation on the CH3Cl emission is consistent
with the test results of the vial samples under different light condition. Thus, the reason why tropical
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forests are such a strong source of CH3Cl could be attributed to the dense growth of CH3Cl-emitting plants in
the tropics. That is, climate likely has an indirect effect on biogenic CH3Cl emission through its control of
floristic composition.

3.4. Chloride Ion Concentration in the Fern Leaves

We analyzed the 93 samples to investigate whether the Cl� concentration in the leaves could explain the
high variability of CH3Cl emission rates among individual plants. Figures 3a and 3b show the CH3Cl
emission rate versus Cl� concentration for O. japonica and O. cinnamomea in June and August at
Tomakomai. There is a clear difference between the Cl� concentrations of the June samples and those of
the August samples: those in June were in the range of 1.07–5.00mgg(dw)�1 in O. japonica (Figure 3a)
and 0.69–7.68mgg(dw)�1 in O. cinnamomea (Figure 3b), whereas those in August were in the ranges of
7.63–11.85mgg(dw)�1 and 6.10–12.92mgg(dw)�1, respectively. Weak positive correlations (R=0.54,
P< 0.01 for O. japonica and R= 0.72, P< 0.01 for O. cinnamomea) were found between the CH3Cl emission
rate and Cl� concentration, suggesting that Cl� is partly responsible for the CH3Cl emission rate. As noted
previously, however, at Tomakomai the June samples weighed less and were more juvenile than those in
August and September, resulting in a weak positive correlation between the CH3Cl emission rate and the
weight of a pinnule (R=0.68, P< 0.01 for O. japonica in June and August ). Thus, it seems to be difficult to
separate the effects of Cl� and developmental stage on the CH3Cl emission rate.

A limited number of samples from Tsukuba, including two apparently young pinnules (11 July 2013), were
analyzed for Cl�. In Figure 3c, the CH3Cl emission rates are plotted against the Cl� ion concentration. The
two young pinnules had the lowest levels of Cl� (3.26 and 3.64mgg(dw)�1), and the 31 Tsukuba samples

Figure 3. CH3Cl emission rate versus Cl� content in the leaf: (a) Osmunda japonica at Tomakomai in June and August, (b) Osmunda cinnamomea at Tomakomai in June
and August, (c) Osmunda japonica at Tsukuba (30 samples extracted from 210 total), and (d) Osmunda japonica at lowland Yakushima (19 data extracted from 36 total).
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showed a weak positive correlation between CH3Cl emission rates and Cl� concentrations (R=0.50, P= 0.01).
This agrees with the low CH3Cl emission from low Cl� samples found at the cool-temperate site.

At Yakushima, where a few samples were randomly collected from each of the five sites, the Cl�

concentration in the pinnules ranged from 3.91 to 17.0mgg(dw)�1 and did not show a significant
correlation with CH3Cl emission rate (Figure 3d). The sample with the highest CH3Cl emission rate had a
relatively low Cl� concentration of 6.23mgg(dw)�1. This result suggests that Cl� content is not always an
important factor underlying the biogenic CH3Cl emission rate, although there might be some threshold
value of Cl� necessary for CH3Cl emission.

4. Conclusion

We investigated the seasonal and spatial distributions of CH3Cl emission rates from O. japonica and O.
cinnamomea. We found that these ferns emit a surprisingly large amount (a few μg g(dw)�1 h�1) of CH3Cl,
even in the cool-temperate zone. The emission rates are equivalent to or even higher than those of
CH3Cl-emitting plants in the tropics and subtropics. The average rates of CH3Cl emission from O. japonica
growing in the subtropical, temperate, and cool-temperate climate zones were on the same order, and no
significant seasonal variation was found in the temperate zone, suggesting that meteorological climate
such as temperature and solar radiation does not directly control biogenic CH3Cl emission. Therefore, we
conclude that the strong CH3Cl emission observed in tropical forests should be attributed to the global
distribution pattern of CH3Cl-emitting plants, rather than climatic control of physiological processes of plants.

Some of the high variability of CH3Cl emission rates among individual plants might be attributable to
developmental stage. We found that apparently young pinnules had the lowest emission rates at each
observation, and the June samples from Tomakomai (lightweight juvenile pinnules) had much lower
emission rates than those collected in summer and autumn. The Cl� content in the leaves might also
partly explain the variation of the CH3Cl emission rates among plants in a certain area, but Cl� content
had a rather poor correlation with the CH3Cl emission rate at a broad scale, suggesting that other factors
have a stronger influence on CH3Cl emission.

Further studies are necessary to identify the factors controlling CH3Cl emission from plants and ultimately to
understand the past and future trends of global CH3Cl flux.
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