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Environmental context. The volatile sulfur compound, dimethylsulfide (DMS), plays amajor role in the global
sulfur cycle by transferring sulfur from aquatic environments to the atmosphere. Compared to marine
environments, freshwater environments are under studied with respect to DMS cycling. The goal of this study
was to assess the formation pathways of DMS in a freshwater lake using natural stable isotopes of sulfur. Our
results provide unique sulfur isotopic evidence for themultiple DMS sources and dynamics that are linked to the
various biogeochemical processes that occur in freshwater lake water columns and sediments.

Abstract. The volatile methylated sulfur compound, dimethylsulfide (DMS), plays a major role in the global sulfur
cycle by transferring sulfur from aquatic environments to the atmosphere. The main precursor of DMS in saline

environments is dimethylsulfoniopropionate (DMSP), a common osmolyte in algae. The goal of this study was to assess
the formation pathways of DMS in the water column and sediments of a monomictic freshwater lake based on seasonal
profiles of the concentrations and isotopic signatures of DMS andDMSP. Profiles of DMS in the epilimnion duringMarch
and June 2014 in LakeKinneret showed sulfur isotope (d34S) values ofþ15.8� 2.0 permille (%), whichwere enriched by

up to 4.8% comparedwithDMSP d34S values in the epilimnion at that time. During the stratified period, the d34S values of
DMS in the hypolimnion decreased to�7.0%, close to the d34S values of coexistingH2S derived from dissimilatory sulfate
reduction in the reduced bottom water and sediments. This suggests that H2S was methylated by unknown microbial

processes to form DMS. In the hypolimnion during the stratified period DMSP was significantly 34S enriched relative to
DMS reflecting its different S source, which was mostly from sulfate assimilation. In the sediments, d34S values of DMS
were depleted by 2–4 % relative to porewater (HCl-extracted) DMSP and enriched relative to H2S. This observation

suggests two main formation pathways for DMS in the sediment, one from the degradation of DMSP and one from
methylation ofH2S. The present study provides isotopic evidence formultiple sources ofDMS in stratifiedwater bodies and
complex DMSP–DMS dynamics that are linked to the various biogeochemical processes within the sulfur cycle.
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Introduction

Methylated sulfur compounds are important sources of biogenic
sulfur to the atmosphere[1] with dimethylsulfide (DMS) being
themajor formof biogenic sulfur emitted to the atmosphere from

the ocean.[2] DMS emitted from natural sources contributes to
the formation and growth of sulfate aerosols in the atmosphere,
and therefore has a potential effect on the climate system through

reflection and scattering of solar radiation, water droplet for-
mation and hence cloud albedo.[3] The main precursor of
DMS in oxic saline environments such as the surface ocean is

dimethylsulfoniopropionate (DMSP), a common osmolyte in
marine algae. Other precursors can also contribute to microbial
DMS production. These include methionine, an amino acid
present in many living organisms, dimethyl sulfoxide (DMSO)

and methanethiol (MT).[4] The dominant mechanism for the
formation of DMS in anaerobic environments was suggested to
be MT methylation, with MT being formed either from H2S

methylation or from methionine degradation.[5–7]

DMS concentrations in the water column of fresh water lakes
and ponds (0.05–4.4 nM) are similar to those in typical oceanic
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water (2–4 nM).[4,8–10] This is surprising given that freshwaters

have much lower concentrations of sulfate (100–200 mM) com-
pared to ocean water (28 mM),[11] and that DMSP, the major
precursor of DMS in seawater, is not thought to be prevalent in

freshwater plankton, although it has been reported in some
lakes.[8,12] Given the widespread occurrence of significant
DMS concentrations in freshwater environments,[8] and the
potential for its emission to the atmosphere, it is important to

learn about its sources and sinks in freshwater habitats.
Stable sulfur isotopes have the potential to provide informa-

tion on the natural sources and sinks of compounds like DMS

without experimental manipulation. Sulfur has four stable iso-
topes (32S, 34S, 33S and 36S) of which the most abundant are 32S
and 34S. Usually during microbial processes there is a discrimi-

nation against the heavy isotope, leaving the product isotopi-
cally enriched in the light one and the residual pool enriched in
the heavy one. Anaerobic dissimilatory sulfate reduction (respi-
ratory electron accepting process) is the main sulfur metabolism

process on Earth and is characterised by large isotopic fraction-
ation (up to 72 per mille (%)) with the light isotope favoured in
the H2S product.[13–16] The assimilatory sulfate reduction pro-

cess, i.e. direct uptake of sulfate for cell biosynthesis, controls
the sulfur cycle in oxygenated parts of the water column. The
fractionation during assimilatory sulfate reduction is small

relative to dissimilatory sulfate reduction with fractionation
values ranging between ,1 and 3 % causing the biomass to
be 34S slightly depleted relative to sulfate.[13,14,17]

The different sources of DMS may have distinct 34S/32S
ratios as they are affected by different sulfate reduction routes
(dissimilatory v. assimilatory). Analysis of d34S of organic
sulfur species may thus help identify production mechanisms

of benthic v. planktonic DMS. The d34S values of DMSP of
marine surface water around the globe is very homogeneous
ranging between þ18.9 and þ20.3 % and the fractionation

between DMSP and DMS is ,þ1 %.[18] Macroalgae seem to
produce 34S depleted DMSP (þ18.2 %) as measured in inter-
tidal or shallow subtidal systems, and culture experiments with

macroalgae showed 34S depletion of DMS relative to DMSP by
up to �1.6 %.[19] The d34S values of DMS and other volatile
organic sulfur (VOS) compounds in sediments and anaerobic
water bodies are usually 34S depleted, as is their putative

precursor, H2S, that is produced by sulfate reducing
microorganisms.[20]

The aim of the present study was to study the sulfur isotope

composition of DMS and DMSP in Lake Kinneret, Israel, a
freshwater lake, with the ultimate goal of inferring information
about production routes in different compartments of the lake.

Lake Kinneret is a monomictic lake that is stratified from April
to January. Sulfate concentration in the water column is
,0.5 mM and the hypolimnion and upper 3 cm of sediment

are dominated by dissimilatory sulfate reduction.[21] Previous
research showed that DMS in the water column of the lake may
be derived from DMSP produced by Peridinium gatunense, a
freshwater dinoflagellate that dominates the bloom in Lake

Kinneret.[12] Dinoflagellates are also known to produce unique
dimethyl sulfur species[22] that could release DMS in the
common protocol used to measure DMSP, which involves

treatment of samples with strong alkali and quantifying the
released DMS as a proxy for DMSP.[23] Thus, the identity of
DMSP in lake samples is still somewhat uncertain.

Sediments are likely to receiveDMSP in sinking detritus, and
indeed high concentrations of DMSP have been reported in
somemarine sediments.[24,25] These studies utilised the indirect,

alkaline hydrolysis method to quantify sedimentary DMSP, and

because a significant fraction of the sedimentary ‘DMSP’ pool
appears to be refractory to biodegradation on time scales of
weeks or longer,[4] it may be more correct to refer to the

sedimentary pool as ‘base-hydrolysable DMS’, as suggested
by Kiene.[26] This particle-associated pool could include inter-
cellular DMSP or adsorbed DMSP or DMS and possibly other
sulfonium compounds. DMS in sediments could arise from the

base-hydrolysable DMS (hereafter referred to as bound DMSP;
DMSPbound) or it could arise from sequential methylation of
H2S and MT. Depletion of sulfate in the hypolimnion and

surficial sediments[21,27] of Lake Kinneret should provide
ample H2S for the methylation route. Such a mechanism could
result in DMS with a distinct isotopic composition from that

produced from water-column-derived DMSP.[20]

In this study we carried out sampling for in-situ profiles
of DMS and DMSP concentrations and sulfur isotopic ratios
(d34S) in the lake water column and sediments using compound-

specific sulfur isotopic analyses.[28,29] Samples were taken
during several different times of the year, encompassing differ-
ent water-column mixing regimes. We use the isotope results to

infer probable DMS production routes in oxic and anoxic
compartments of the lake.

Methods

Study site

Lake Kinneret is located in northern Israel (Fig. 1) and it is a
warm monomictic subtropical lake. In the spring, the newly
formed epilimnion is characterised by increasing temperatures

and enhanced phytoplankton development, whereas in the
hypolimnion oxygen is depleted gradually by heterotrophic
microorganisms followed by depletion of nitrate. The organic

matter degradation below the thermocline continues in the
summer by bacterial iron and manganese reduction. By the end
of the stratification period, sulfate reduction occurs in the bot-

tom water. In the upper part of the sediment sulfate reduction is
the dominant microbial process year round, and below depths of
5 cm sulfate reduction is limited by sulfate availability and
degradation processes shift mainly to methanogenesis.[21,27]

Water sampling

The water column and the sediment of Lake Kinneret were
sampled between March 2014 and January 2015 on four occa-

sions: one during early stratification when the whole water
column was still oxic, and three during the stratified period.
Samples were collected from Station A, located at the deepest

part of the lake (38–39-m water depth, Fig. 2) using a Niskin
bottle. The physiochemical conditions in thewater column at the
specified sampling dates were characterised by the temperature,

dissolved oxygen (DO), chlorophyll-a (Chl-a) and oxidation
reduction potential (ORP) profiles measured by the autonomous
profiling unit (Eureka, Austin, Texas) that operates at the lake’s
centre (Fig. 3). Sulfide and sulfate datawere taken from the Lake

Kinneret Data Base (LKDB) with permission of Yaron Beeri-
Shlevin (Fig. 4). Both solutes are measured biweekly according
to standard methods.[30]

The sample processing scheme for the water column, sedi-
ment pore water and sediment solid phase is presented in Fig. 2.
Samples for DMS analysis were transferred immediately from

the Niskin bottle into 40-mL amber glass vials (two for each
depth) equipped with Teflon septa and filled to the top (no head
space). Samples for DMSP analysis were taken the same way,
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with vials (two for each depth) being pre-filled with 0.7 mL of

37% w/w HCl.[29] Addition of acid to seawater samples to
preserve DMSP is a known method for preservation of DMSP
for at least several months.[31] We used HCl and not H2SO4

because we did not want to have another sulfur source in our
water samples while we were measuring S isotopes.[29] We
specifically use a high HCl concentration (1.5% final concen-
tration) to minimise the enzymatic conversion of phytoplankton

DMSP into DMS after acidification.[31] However, if colonial

Phaeocystis spp. are present, then this method underestimates

the concentration of DMSP in the lake water.[31] These species
were not present in the Lake Kinneret water samples, therefore
underestimation is unlikely. All vials were kept at the tempera-

ture of surface lake water (,25 8C) until processing.
Sub-samples (5–15 mL) for DMS analysis were transferred

to a separate vial using a syringe. For DMSP, sub-samples of
,5 mL were transferred using a syringe to a separate vial and

then 3 mL of 5 M NaOH was added. Typically we diluted the
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original sample (before addition of NaOH) by a factor of two
with MilliQ water. After at least 4 h of the base-hydrolysis

reaction, the released DMS was quantified as described below.

Sediment sampling

Cores of ,30-cm length, with side holes sealed with rubber
stoppers, were obtained from the sediment and sampled by
means of a custom-made gravity corer. Subsamples from

selected depths of the cores were obtained through the side
holes.

The sample processing scheme for sediment pore water and
sediment solid phase is presented in Fig. 2.

Sediment samples (1–2 g of wet sediment) for DMS analysis
(DMSsed), were transferred to N2-preflushed 40-mL amber vials
filledwith15mLof spargedMilliQwater (twovials for eachdepth
were taken). Sub-samples (,3mL) of slurry from the original vial

were then transferred using a syringe to a separate vial equipped
with a Teflon septum and purge and trap as described later.

For DMSP analysis,,1 g of wet sediment was transferred to

40-mL vials (two vials from each depth were taken) prefilled
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with ,0.7 mL of concentrated (37% w/w) HCl and 15 mL of

MilliQ water. The vials were left for gravity separation between
water and sediment for at least 24 h. These samples were then
divided into two DMSP pools: HCl extracted DMSP (DMSPex-
HCl) and ‘bound’ DMSP (DMSPbound). Sub-samples (,1 mL) of
the water phase, HCl-extracted DMSP (DMSPex-HCl), were
transferred using a syringe to a separate vial and then 3 mL of
5 N NaOHwere added. After 4 h or more the released DMSwas

quantified as described below. The remaining sediment, after
the removal of the water phase water (Fig. 2), was treated with
5 mL of 5 N NaOH for at least 4 h before further treatment and

termedDMSPbound. BecauseDMSPbound was very concentrated,
we took only ,0.1 mL sub-samples (Fig. 2) of the slurry after
base treatment to a separate vial prefilled with 10 mL of MilliQ

water and the released DMS was analysed as described below.
It is important to note that the distinction betweenDMSPex-HCl

andDMSPbound is at this stage only operational, based on our acid

extraction and phase separation of water from solid (see Fig. 2).
In addition the DMSP pool may represent trapped or adsorbed
DMSP and both pools could include other sulfonium compounds
that can release DMS under base treatment.

DMSP concentrations and isotopic measurements during

December 2014 were poorly reproducible because of sampling
issues. Therefore, in January 2015, 2 weeks after the December
2014 sampling, we sampled again for DMSP in the water

column and sediments. The thermocline and oxicline during
that time deepened by 1 m and the water temperature remained
the same, therefore DMS results from December 2014 and
DMSP results from January 2015 are represented in the same

graph (Figs 5c,e, 6c, 7c,f).

Quantification of DMS and DMSP

DMS was analysed using a system consisting of a Teledyne
Tekmar (Atomx) purge and trap sample concentrator with
autosampler coupled to a Perkin Elmer Clarus 580 GC and

equipped with flame photometric detector (FPD), a specific
detector for sulfur compounds. The purge and trap sample
concentrator was equipped with a 5-mL sparge vial. Samples

were sparged with He for 11 min, and the DMS trapped with an
analytical trap (Tenax absorbent). The trap was then heated to
250 8C to desorb the DMS to the GC column through a heated
transfer line (150 8C), and separated on an Gs-Tek column
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(60 m� 0.32 mm ID� 1.0 mm, helium carrier gas) held at 40 8C
and operated in constant flowmode at 7 mLmin�1. The detector
was heated to 300 8C, with flows of air (100 mL min�1) and
hydrogen (50 mL min�1). A calibration curve of DMS standard
(usually 0.2–13 nmol L�1) was prepared before every sequence

run of water samples. DMS standard (1–3 nM) and a blank
MilliQ water sample (pre-purged for 30 min), were analysed
every five samples.

Analytical precision for analysis of DMS and DMSP
standards was usually better than 5% (relative standard
deviation, RSD). However, precision of duplicate or tripli-

cate analyses of Lake Kinneret water samples were in the
range of 10–20%, possibly because the lake water was not
homogeneous, a phenomenon that was most apparent during

stratification periods. However, this could also be the result
of other issues such as plankton disturbance during sparging
etc.

Sulfur isotope analysis of DMS and DMSP

The sulfur isotopic composition of DMS and DMSP was mea-

sured by a purge and trap system that was connected to a gas
chromatograph coupled to a multicollector (MC)–inductively

coupled plasma (ICP) mass spectrometer (MS)[29] (Neptune

Plus, Thermo Fischer Scientific). Water column samples or
sediment sub-samples diluted in anoxic MilliQ water were col-
lected from the original amber vial using a syringe (1–30 mL)
with minimal disturbance, and injected gently into a new 40-mL

sparging vial equipped with a Teflon septum. The vial was
then sparged with He (40 mL min�1) for 12 min. Water vapour
was removed by a Nafion-membrane dryer (Perma pure LLC,

NJ, USA) using dryN2 as the counter flow. ATeflon sample loop
was inserted into a dewar of liquid N2 to trap DMS. After
sparging, the six-port valve (Valco Instrument Co, TX, USA;

heated to 80 8C) was turned to the inject position and the sample
loop transferred quickly from the liquid N2 to hot water and the
trapped gases were injected into a Agilent J&W GC column

(DB1, 60 m�0.32-mm internal diameter� 1.0 mm), connected
directly to the six-port valve. At the same time the gas chro-
matograph (Perkin Elmer 580) and the MC-ICP-MS were
started. After separation by the GC, analytes were transferred

to the MC-ICP-MS through a heated (200 8C) transfer line.
The sulfur-isotopic composition of individual gas chromato-
graph peaks were measured by MC-ICP-MS. A home-built

reference gas injector allowed the introduction of SF6 peaks
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(with known d34S) in parallel with analytes for isotopic cali-
bration. This reference gas injector is similar to the one
described previously by Amrani et al.[28] and Said-Ahmad and

Amrani.[29] A standard DMS sample was introduced to the
system for calibration every 3–4 samples and we used a
bracketing technique to correct for instrumental mass bias.

DMS standards were prepared by dissolving varying amounts
of liquid DMS (anhydrous,.99% purity, Aldrich) transferred
by syringe into a bottle or vial containing distilled water that

was pre-purged for at least 90 min to remove any endogenous
DMS. Final concentrations of the reference solutions varied
between 0.1 and 10 nmol L�1. These solutions went through
the same purge and trap method and sulfur isotope analysis

as that described above for lake water samples. These results
were compared with direct injection of DMS solution in
toluene to the conventional split–splitless injector of the gas

chromatograph and calibration with SF6 reference gas to
determine the accuracy of the method.[29]

The results are expressed in conventional d34S notation as a
per mille deviation from the international standard V-CDT
(Vienna Canyon Diablo Troilite) according to Eqn 1.

d34S ¼ ðð34Rsample=
34
RstdÞ � 1Þ � 1000 ð1Þ

where 34R is the integrated 34S/32S ion-current ratio of the
sample and standard peaks. Analytical precision of analysis

of DMS and DMSP standards was usually in the range of
0.1–0.4 % (1s standard deviation) in agreement with Said-
Ahmad and Amrani.[29] However, similar to the concentration

reproducibility issues, S isotope analysis precision of duplicate
or triplicate sample analysis of Lake Kinneret water and pore-
water was usually less than 1% but in some cases reached 2%.

Results

The first profile for this study (26 March 2014; Fig. 3a) was in
the partially mixed period, however thermal stratification had
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already started with temperatures decreasing gradually from

22 8C near the surface to 15.5 8C near the sediments. A promi-
nent Chl-a peak of 55 mg L�1 at a 5-m depth is representative for
the annual algal spring bloom. As a result of photosynthetic

activity, DO concentrations were above 18 mg L�1, well above
saturation in the upper 10 m of the water column. Below the
photic zone, DO concentrations declined steadily towards the
sediment to concentrations below 1 mg L�1. The fairly uniform

profile and high values (.271mV) of the ORP indicates that the
whole water column was still oxic. This changed by the time of
the second profile, when a sharp chemocline was established at a

20-m depth, separating oxic (ORP¼ 100mV) from the sulfide
enriched water layers (ORP¼�300mV) (Fig. 3b). At that time
the temperature in the epilimnion had increased to 27 8C while

Chl-a and DO dropped to 10 mg L�1 and 8 mg L�1 respectively.
The last two profiles were measured 3 weeks apart, during the
time of destratification in winter. On 14 December 2014 when
the water temperature in the epilimnion had decreased to 20 8C,
the chemocline dropped to 27m (Fig. 3c), and on 4 January 2015
it was at 31 m (Fig. 3d). Complete mixing occurred two days
later on 6 January 2015 (not shown).

Hydrogen sulfide and sulfate concentration data in the water
column are from the LKDB, and the data presented here are
from the closest sampling dates to our profile collection dates.

On 17 March 2014, H2S was not detected in the water column,
and SO4

2� concentrations were constant throughout the water
column (0.52 mM; Fig. 4a). On 22 June 2014, when the

hypolimnion was anoxic, H2S concentrations were already
elevated, with maximum concentration at the sediment–water
interface (0.12 mM) and decreasing upward towards the
thermocline where it is oxidised (Fig. 4b). Sulfate concentra-

tions above the thermocline were 0.54 mM, and there was a
sulfate maximum of 0.76 mM at the thermocline from oxida-
tion of upward diffusing H2S. Sulfate concentrations below the

thermocline (0.49 mM) were lower than in the epilimnion as a
result of dissimilatory SO4

2� reduction (Fig. 4b). Hydrogen
sulfide concentrations were at their maximum values during

December 2014 (0.24 and 0.27 mM on 14 and 28 December
2014 respectively; Fig. 4c), and decreased from the sediment–
water interface towards the thermocline. Sulfate concentra-
tions above the thermocline in December were 0.56 mM and

decreased to 0.33 mM at the sediment–water interface
(Fig. 4c).

The DMSP water column (DMSPwc) concentration profiles

showed peaks of 22.4 and 8.1� 1.9 nM at 10 and 7-m depth
during March and June 2014 respectively (Fig. 5a–c). During
January 2015 the highest concentration (3.5� 0.1 nM) was near

the surface at 1 m. DMSPwc concentrations varied during the
different months (Fig. 5), with minimum concentrations
detected during June 2014 and maximum concentrations during

March 2014.
DMSPex-HCl concentrations in the sediments (Fig. 5d,e) were

1–2 orders of magnitude higher than in the water column. Two
profiles of DMSPex-HCl concentration were obtained, one during

the mixed period (i.e. March 2014; Fig. 5d) and one during
stratification (4 January 2015; Fig. 5e). The general trend of
DMSPex-HCl concentration in March showed increasing con-

centrations with depth from 146 to 368 nM, with a possible sub-
surface peak at 12-cm depth during March. During June 2014,
the general trend showed exponential decrease with depth, with

maximum concentration at 1-cm depth (177 nM).
DMSPbound concentrations measured during March 2014

(Fig. 5d) were at least one order of magnitude higher than

DMSPex-HCl. DMSPbound concentrations were,3 mmol kg�1 of

wet sediment and increased up to 7 mmol kg�1 of sediment at
20–21-cm depth.

Over the year, DMS concentrations in the water column

varied greatly between the different stages of stratification, and
maximum concentrations occurred during late stratification
(December 2014). DMSwc concentrations during the mixed
period were 1.2 nM near the lake surface and increased with

depth to amaximum of,6.0 nM just above the bottom at 38 and
39 m (Fig. 6a). During June 2014, at the beginning of stratifica-
tion, DMSwc concentrations were low and with no significance

difference between them (0.3–0.5 nM) in the epilimnion,
decreasing only slightly with depth to the thermocline
(Fig. 6b). DMSwc concentrations in the hypolimnion were

approximately the same value of ,1 nM. During December
2014 (Fig. 6c), when the lake was still stratified, DMS concen-
trations in the epilimnion (2–12 nM) were higher than during
early stratification and generally increased with depth. The

highest concentration (22 nM) was obtained just above the
sediment surface in the hypolimnion.

DMS concentrations in the sediments were ,1 order of

magnitude greater than in the water column with higher con-
centrations in June than in March. In March the concentrations
decreased slightly with depth (Fig. 6d), whereas during June

2014 (Fig. 6e) there was a maximum of DMSsed (160 nM) at
7-cm depth, with an exponential decrease below this depth.

The d34SDMSPwc profiles in the water column during the

mixed period, March 2014, showed fairly constant values
throughout the water column (þ13.6� 1.0 %), with values
ranging between þ11.4 to þ14.8 % (Fig. 7a). In June 2014,
when the lake was stratified, d34SDMSPwc values in the epilimni-

on and hypolimnion were still similar (þ12.7� 1.0 %) to the
profiles from the mixed period (Fig. 7b). In January
2015 d34SDMSPwc values in the epilimnion were similar to the

values measured before (þ14.6� 0.3%; Fig. 7c), but below the
thermocline, in the hypolimnion, d34SDMSPwc values were much
lower (þ3.0� 0.1 %), just above the sediment.

The water column d34SDMSwc in the March mixed period
were 2–5 % 34S enriched relative to d34SDMSPwc at that time,
with maximum values of þ18.7 % close to the sediment–
water interface (Fig. 7a). In June 2014, at the beginning of

stratification, d34SDMSwc values in the surface water (Fig. 7b)
were þ14.6� 0.3 % and decreased slightly to þ12.3 %
above the thermocline (values slightly lower than those of

DMSP). The values in the epilimnion were close to the values
during the mixed period, however below the thermocline
d34SDMSwc decreased sharply to �5.3 % (Fig. 7b) just below

the interface, with slightly more 34S-enriched values of �3.4
and �2.7 % at 30- and 39-m depth respectively. In December
2014, at late stratification, d34SDMSwc values in the epilimnion

decreased sharply from 5.6 % at the surface to values between
�5.0 and �7.0 % below 10-m depth (Fig. 7c). The values at
10-m depth and below were 34S depleted even though the
thermocline and oxycline were located at 27-m depth.

In the sediment, d34SDMSsed values (Fig. 7d,e) were depleted
relative to DMSPex-HCl and DMSPbound isotopic values (Fig. 7d)
below 10-cm depth during March 2014, unlike d34SDMSwc

values in the upper epilimnion and mixed water column that
were enriched by 2–5 % relative to d34SDMSP. The d

34SDMSsed

was þ8.1 to þ11.5% in March and þ10.2 to þ17.1% in June

2014. The d34SDMSPex-HCl ranged from þ7.2 to þ15.5 % in
March 2014 and fromþ8.6 toþ14.7% in January 2015 with no
clear trend with depth.
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Discussion

The DMSP and DMS concentration and sulfur isotopic ratio
results show that the DMSP–DMS system in Lake Kinneret is
dynamic and dependent on the stratification stage of the lake
with a connection between the water column and sediments.

DMSP and DMS sources under oxic conditions

Maximum DMSP concentrations (Fig. 5a–c) in the water col-

umn during the mixed period and in the epilimnion during
stratification stages correspond tomaximumChl-a (Fig. 3). This
indicates that in the oxic water column the main source for

DMSP is from algae.[32–34] Previous research showed that
DMSP, produced by Peridinium gatunense, is the main pre-
cursor for DMS in the Lake Kinneret water column,[12] where
the DMS is present at lower concentrations than DMSP. Indeed,

DMS concentration profiles in the water column were almost
one order of magnitude less than the DMSP concentration as is
typically observed in seawater.[35] Maximum DMS concentra-

tions during the mixed period were detected near the bottom,
likely influenced by sediment contribution, probably as a result
of high turbidity at that depth during that time.

The uniform values of d34SDMSPwc (þ13.3� 1.0 %) under
oxic conditions in the water column during the mixed period
(March 2014) and early stratification (June 2014) had similar

values to those of d34SSO4 (þ13.1� 0.6 %) measured by
Knossow et al. in the epilimnion of Lake Kinneret.[36] The
sulfur isotope fractionation during assimilatory sulfate

reduction is small, �0.9 to �2.8 %,[13] which results in d34S
of bulk organic matter slightly 34S depleted relative to sulfate

values (Fig. 8a,b). Amrani et al.[18] showed a similar pattern
in the marine surface water samples around the globe with
d34SDMSP ranging between þ18.9 and þ20.3 %, close to the
d34S value of seawater sulfate ofþ21.1%. Similar results were

obtained by Oduro et al.[19] for DMSP d34S of macroalgae and
phytoplankton. It is important to note that in some cases, 34S
enriched values (,1 %) of DMSP relative to its source sulfate

was observed in deeper marine water during an algal bloom.[18]

The isotopic data for DMSP in Lake Kinneret in the mixed
period and early stratification in all water column samples is

similar, within analytical uncertainties, to its sulfate source and
suggests a clear assimilatory sulfate reduction source for DMSP.

The d34S values of the DMS in the water column during the
mixed period, in March (Figs 7a, 8a), support its origin from

water column DMSP, as proposed previously by Ginzburg
et al.[12] The d34S values of DMS in the lake were enriched by
2–5% relative to DMSP. This is a greater enrichment for DMS

relative toDMSP compared to that observed in thewater column
of the Gulf of Aqaba and the Mediterranean Sea, which showed
DMS to be 34S enriched by ,1 %.[18,29] However, incubation

experiments with degrading macroalgae under dark conditions
showed a different trend, with DMS being 34S depleted by up to
1.6% relative to DMSP.[19] The reason for the significantly 34S

enriched values forDMS in LakeKinneret relative to seawater is
not yet clear and may point to different enzymatic cleavage
mechanisms for DMSP in fresh water relative to seawater or
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algal v. bacterial enzymatic cleavage of DMSP to produce

DMS.[37] It is also possible that biological DMS consumption
fractionates DMS differently in freshwater or that other, non-
biological controls (e.g. photochemical oxidation) on the

removal of DMS from the water are responsible for this
fractionation between DMSP and DMS. Evaporation of DMS
from the surface water is not likely to cause this fractionation as
it has been shown that the water–air transfer of DMS has a very

small (�0.5 %) fractionation factor.[18]

The d34S values of DMS in the epilimnion at early stratifica-
tion (Figs 7b, 8b) were similar to those of the DMSP and not

slightly enriched as in the March samples. This observation
suggests that there might be another small source of DMS in this
month that is 34S depleted. The most probable source for this
34S depleted sulfur source is H2S from dissimilatory sulfate
reduction formed when anoxic conditions developed in the
lower water column. This H2S may be methylated to form
MT and eventually DMS.[7,38] Further evidence for this mecha-

nism is the accumulation of 34S-depleted DMS to high concen-
trations deep in the water column during late stratification
(i.e. December 2014) (Figs 6c, 7c), and its diffusion upward

could explain the 34S depleted values of the DMS in the whole
epilimnion during December. The concentration of DMS
decreased from near the bottom where it was likely produced

at high rates to the surface water where it is likely being lost.
Loss mechanisms for DMS may include ventilation to the
atmosphere, and biological and photochemical oxidation.

Approximate mass balance calculations shows that ,15%
contribution of DMS from methylation of H2S in June is
required in order to achieve the measured values, taking d34S
of DMSP as 13 and 3 % enrichment in DMS production from

DMSP and d34S of H2S of ,–5 to �7 %[36] and with no
fractionation in the DMS production from H2S. This mass
balance remains uncertain because we currently lack informa-

tion on fractionation of sulfur isotopes during the various
biotransformations, e.g. methylation of sulfide and MT, and
the consumption of DMS. Oduro et al. reported 4–5 % 34S

enrichment of VOS compounds relative to their proposed H2S
source. However, this observation was on a complex mixture of
VOS compounds and not specifically for DMS.[20]

At the end of the stratification period, virtually all the DMS

in the epilimnion may be derived from the upward flux of 34S-
depleted (i.e.�6.3� 0.8%) DMS as its d34S is similar to that of
the hypolimnetic DMS (Figs 7c, 8b). This period coincides with

a decrease in the phytoplankton community in the winter and
thus the DMSP concentrations (Fig. 5) and its potential as a
DMS source. However, in the surfacewater (0-m depth, Fig. 7c),

the higher d34S values for DMS (þ5.6 %) indicate a greater
contribution from DMSP degradation, with the contribution of
sulfide-derived DMS being lower because most of the sulfide is

oxidised deeper in the water column (Fig. 6c). Mass balance
calculation shows that the contribution of 34S depleted DMS
from upward diffusion is reduced to,50% in the surface water.

DMSP and DMS under anoxic conditions

During stratification (June and December 2014) d34SDMS in the
anoxic conditions of the hypolimnion showed significant 34S

depleted sulfur isotopic values (�2.7 to �7.0 %, Fig. 7b,c),
supporting a DMS origin from H2S methylation (via MT).
Moreover, DMS maximum concentrations were below the

thermocline during stratification or at the sediment–water
interface during the mixed period. This suggests that the main
source for DMS in Lake Kinneret in the anoxic water column is

not from DMSP cleavage but rather from H2S, through bio-

methylation that occurs below the thermocline (Fig. 8c). Sulfate
and H2S concentration profiles and d34S values[36] during the
stratified period support active dissimilatory sulfate reduction in

the anoxic water column (Fig. 4b,c), providing a reduced sulfur
source for methylation. The maximum SO4

2� concentration at
the thermocline during early stratification, June 2014 (Fig. 4b),
may indicate oxidation of sulfide and intermediate sulfur species

found in the thermocline.[39]

Hydrogen sulfide and MT methylation was suggested as
the main route for DMS formation in freshwater environ-

ments.[5,39,40] Biogenic methylation of inorganic sulfides and
polysulfides were shown to occur in Lake Kinneret even under
oxic conditions.[41] However, until recently the main evidence

for the routes came from correlation between DMS production
and addition of methyl-donors in incubation experi-
ments[12,42,43] or correlation between DMS and H2S in-situ
profiles in the absence of DMSP.[39] Oduro et al. provided

isotopic evidence for a methylation route to produce VOS
compounds in a freshwater lake.[20] They measured d34S of
total VOS compounds (in which MT was the most abundant

species by far) of,–25% in a meromictic freshwater lake with
high sulfate concentrations (12–16 mmol L�1), and showed that
the difference in d34S between VOS compounds and H2S was

þ4 toþ5%. Their suggested route for DMS andMTproduction
wasmethylationwithmethyl groups derived frommethoxylated
aromatic compounds. Here we present evidence of a H2S

methylation route for DMS production specifically (not as a
mixture of VOS compounds) in the freshwater anaerobic hypo-
limnion of Lake Kinneret.

The depleted 34SDMSP values below the thermocline during

late stratification (Fig. 7c) are intriguing. Oduro et al. could not
detect DMSP in the anaerobic part of Fayettville Green Lake
and they verified their findings with electrospray ionisation

(ESI)-MS analysis.[20] We did not perform ESI-MS analysis,
and thus cannot directly confirm the presence of DMSP. Our
‘DMSP’ might be one or more other dimethylsulfonium

compounds that release DMS upon addition of strong base
(e.g. NaOH) or even possibly a complex of DMS that releases
DMS under alkaline conditions. If indeed it is DMSP, it may
imply a different formation route for DMSP under these anaer-

obic conditions. A possible formation pathway for 34S depleted
DMSP can be assimilatory uptake of MT and possibly other
sulfide or polysulfides species (organic and inorganic) to pro-

duce 34S depleted methionine, the biosynthetic precursor of
DMSP.[43,44] However, further study is needed to explore this
speculative pathway.

DMS and DMSP concentrations in the sediments were one
order of magnitude higher than in the water column. Thus, the
isotope values of the DMSP in the sediment should be affected

by its main algal sources and sinks to the sediment and less so by
assimilation of H2Smethylation products in the hypolimnion, as
is indeed observed (Fig. 7f). DMSPex-HCl concentrations in the
sediment increased with depth in March 2014 (Fig. 5d). This

increase in DMSPex-HCl concentration in the sediment may
indicate an ongoing source for HCl-extracted DMSP. The
sedimentation rate in Lake Kinneret is high (4 mm year�1),

therefore organic matter formed in the upper water column can
be preserved in the sediment and contribute to DMSPex-HCl and
DMSsed production in the sediment. The high concentration of

DMSPbound, an order of magnitude higher than DMSPex-HCl
(Fig. 5d), supports this suggestion and it may be the source of
this ongoing supply of DMSPex-HCl. Furthermore, the d34S
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values of DMSPbound are similar to the d34S values of DMSPex-
HCl, indicating that particulate organic matter is a source for
HCl-extractedDMSP. It should be noted though that DMSPbound
could also include sulfonium compounds such as gonyol, that

could be produced by Peridinium gatunense,[22] or other base-
released DMS complexes.

DMS concentration profiles in sediments showed a decrease
with depth, indicating consumption processes. DMS can be

degraded by methanogens and sulfate reducers in freshwater,
estuarine and sludge sediment.[38,45,46] Methanogenesis is
known to be a very intensive process in the deep sediment[47]

and DMS may be one of its substrates.
In-situ profiles of all species in the sediments, d34SDMS,

d34SDMSPex-HCl and d34SDMSPbound, were conducted only in

March 2014. It seems that during the mixed period (March
2014), DMS isotopic values in the sediments were slightly 34S
depleted compared to d34SDMSPex-HCl, but

34S enriched relative
to d34SDMSwc measured in the hypolimnion. This finding indi-

cates that DMS originates in the sediment from a combination
of DMSPex-HCl enzymatic cleavage and H2S methylation. How-
ever, based on the d34S of DMSsed and DMSPex-HCl, it is clear

that the dominant contribution for DMS in the sediment is
DMSP cleavage (Fig. 8d). This conclusion is also supported
by the much higher concentration of DMSP (including

DMSPbound) relative to DMSsed, which likely overwhelmed
any contribution from H2S methylation.

Conclusions

Lake Kinneret is a dynamic system with two main pathways of

DMS production: (1) DMSP cleavage and (2) methylation of
sulfide species. The d34SDMSP values in the water column are
similar to d34SSO4

, which suggests a sulfur source from assimi-

latory sulfate reduction. The d34SDMSwc values in themixed oxic
water column and upper surface at late stratification were
1.1–4.8 % 34S enriched relative to d34SDMSPwc, a higher
enrichment than observed in seawater (,1 %). This may indi-

cate a different enzymatic cleavage operating in fresh water
relative to sea water or different fractionation during DMS
consumption processes. Below the thermocline, in the anoxic

water, d34SDMS values were highly 34S depleted (�2.7 to
�7.0 %) and slightly enriched compared with d34SH2S

, which
suggests a H2S methylation mechanism for the formation of

DMS. This DMS diffused upward during stratification periods
and mixed with the DMS that came from DMSP cleavage in the
epilimnion. In the sediment d34SDMS values were slightly lower

than d34SDMSP. This intermediate value between d34SDMSP and
d34SH2S

indicates DMS production in the upper sediment is a
combination of both pathways, with the DMSP cleavage as the
dominant one, likely because H2S and its first methylation

product, MT, have numerous alternative fates. Base addition to
Lake Kinneret sediments released large amounts of DMS
(‘bound’ DMSP) but its origin is not known and may be related

to intercellular or absorbed DMSP or other sulfonium com-
pounds. The ‘bound’ DMSP is probably the on-going source for
DMSPex-HCl in Lake Kinneret sediments based on their similar

d34S values and the fact that ‘bound’ DMSP is 20–40 fold more
abundant than HCl-extracted DMSP. In summary, the natural
abundance sulfur isotope ratio of the DMSP–DMS system in
Lake Kinneret provides insights into their sulfur origin. Addi-

tional data, with better temporal resolution and specific chem-
ical identification of the ‘DMSP’ pools, as well as other analysis
of other volatile sulfur compounds (e.g. MeSH, COS) will

improve understanding of sulfur cycling in this and other

freshwater lakes.

Acknowledgements

A. Amrani and R. P. Kiene thank the Binational Science Foundation (BSF),

grant 2010407 for partial funding of this work. R. P. Kiene also acknowl-

edges support from the NSF (grant OCE-1436576). This research was par-

tially funded by theWater Authority of Israel (O. Sivan andW. Eckert). The

authors thank the technical staff of Kinneret Limonological Laboratory

(KLL), B. Sulimani, O. Zabari and M. Diamant.

References

[1] T. Bates, B. Lamb, A. Guenther, J. Dignon, R. Stoiber, Sulfur

emissions to the atmosphere from natural sourees. J. Atmos. Chem.

1992, 14, 315. doi:10.1007/BF00115242

[2] M. O. Andreae, The ocean as a source of atmospheric sulfur com-

pounds, in The Role of Air–Sea Exchange in Geochemical Cycling

(Ed. P. Buat-Menard) 1986, pp. 331–362 (Reidel: Dordrect,

Netherlands).

[3] R. J. Charlson, J. E. Lovelock, M. O. Andreae, S. G. Warren, Oceanic

phytoplankton, atmospheric sulphur, cloud albedo and climate.

Nature 1987, 326, 655. doi:10.1038/326655A0

[4] R. P. Kiene, Microbial cycling of organosulfur gases in marine and

freshwater environments, in Cycling of Reduced Gases in the Hydro-

sphere (Eds D. Adams, S. Seitzinger, P. Crill) 1996, pp. 137–151

(E. Schweitzerbart’sche Verlagsbuchhandlung (Naglele u. Obermil-

ler): Stuttgart).

[5] B. P. Lomans, A. Smolders, L. M. Intven, A. Pol, D. Op, C. Van Der

Drift, Formation of dimethyl sulfide and methanethiol in anoxic

freshwater sediments. Appl. Environ. Microbiol. 1997, 63, 4741.

[6] R. P. Kiene, P. T. Visscher, Production and fate of methylated sulfur

compounds from methionine and dimethylsulfoniopropionate in

anoxic salt marsh sediments. Appl. Environ. Microbiol. 1987, 53,

2426.

[7] R. P. Kiene, M. E. Hines, Microbial formation of dimethyl sulfide in

anoxic sphagnum peat. Appl. Environ. Microbiol. 1995, 61, 2720.

[8] S. Richards, J. Rudd, C. Kelly, Organic volatile sulfur in lakes ranging

in sulfate and dissolved salt concentration over five orders of

magnitude. Limnol. Oceanogr. 1994, 39, 562. doi:10.4319/LO.

1994.39.3.0562

[9] S. Sharma, L. Barrie, D. Hastie, C. Kelly, Dimethyl sulfide emissions

to the atmosphere from lakes of the Canadian boreal region.

J. Geophys. Res. 1999, 104, 11 585. doi:10.1029/1999JD900127

[10] S. Wakeham, B. Howes, J. Dacey, R. Schwarzenbach, J. Zeyer,

Biogeochemistry of dimethylsulfide in a seasonally stratified coastal

salt pond. Geochim. Cosmochim. Acta 1987, 51, 1675. doi:10.1016/

0016-7037(87)90347-4

[11] B. Lomans, C. Van der Drift, A. Pol, H. Op den Camp, Microbial

cycling of volatile organic sulfur compounds. Cell. Mol. Life Sci.

2002, 59, 575. doi:10.1007/S00018-002-8450-6

[12] B. Ginzburg, I. Chalifa, J. Gun, I. Dor, O. Hadas, O. Lev, DMS

formation by dimethylsulfoniopropionate route in freshwater.

Environ. Sci. Technol. 1998, 32, 2130. doi:10.1021/ES9709076

[13] D. E. Canfield, Isotope fractionation by natural populations of sulfate-

reducing bacteria. Geochim. Cosmochim. Acta 2001, 65, 1117.

doi:10.1016/S0016-7037(00)00584-6

[14] I. R. Kaplan, S. C. Rittenberg, Microbiological fractionation of

sulphur isotopes. J. Gen. Microbiol. 1964, 34, 195. doi:10.1099/

00221287-34-2-195

[15] U. G. Wortmann, S. M. Bernasconi, M. E. Böttcher, Hypersulfidic
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